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PREFACE 


Theory and technique are the main objectives in a course of instruc- 
tion in quantitative analysis. Techniciue is acquired more or less satis- 
factorily, with proper supervision, by practice in the laboratory, in 
working out the procedures and methods of analysis. Theory, the 
fundamental principles upon which the methods of analysis are based, 
in order to be applied, made usable and practicable, must be thoroughly 
understexxi, and this can be accomplished only through intensive study. 
In an exact science like analytical chemistry, the theoretical principles 
and concepts can be reduced to mathematical terms and hence the cal- 
culations involved in applying theory to practice constitute a very essen- 
tial part of the study of quantitative analysis. Ample problem assign- 
ments must be made in a well-balanced course. 

A logical, systematic sequence of problem assignments, in fifteen 
weekly sets, Is presented in this book, to cover and supplement the usual 
more or less standard conventional semester^s w^ork in elementary quan- 
titative analysis. Each problem set consists of twent y problems, a total 
of three hundred; discussion of theory, together with numerous illus- 
trative examples, accompanies each problem set. The order of develop- 
ment is designed to keep abreast of the laboratory work. 

Although many textbooks of quantitative analysis are supplied with 
problems, interspersed throughout the descriptive and experimental 
matter, the problems oftentimes depemd upon and are made an integral 
part of the procedure of analysis there described. This book, ‘‘Calcula- 
tions of Quantitative Analysis,” aims to make stoichiometry a distinct 
yet correlated phase of the students^ work, in which the calculations are 
applied from the theory to typical analysis. It is suggested that a 
weekly recitation period, preceded by assignments for home study, will 
best accomplish the purpose. 

Odd-numbered problems, with answers, are intended for home assign- 
ments, by which the student can check the correctness of his method of 
solution of prpblems. Even-numbered problems, without answers, are 
suited for classroom work, quizzes or examinations. Answers to even- 
numbered problems are available in leaflet form, upon request, with 
proper authorization from publisher or author. 

The book is divided into four parts. Part I covers introductory con- 
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PREFACE 


siderations, arithmetical operations and reagents in general. Part II 
and Part III cover volumetric and gravimetric calculations respectively. 
If gravimetric technique is to be introduced in the laboratory before 
volumetric the problem sets of Part III will be found to be designed for 
this independent approach. The author followed the prevailing prac- 
tice of introducing volumetric work before gravimetric. Part IV con- 
cludes with the applications that are made of analytical data, no matter 
whether the method of securing the data was volmnetric or gravimetric. 

The author has taken certain descriptive portions of the text from 
his '^Calculations of Qualitative Analysis’’ and “Elementary Quantita- 
tive Analysis.” The problems are new and original and have gradually 
accumulated by use in his classes over a period of years. 

Caul J. Engelder 


University of Pittsburgh 
March 1, 1939 
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CALCULATIONS OF 
QUANTITATIVE ANALYSIS 

Part I 

INTRODUCTION 

CHAPTER I 

GENERAL CONSIDERATIONS 

The purpose of quantitative analysis is to determine the amounts 
of the constituents present in a given sample of material. This object 
may be accomplished by either chemical or physical means, depending 
on the nature of the material and on the properties of the constituents to 
be determined. Generally the method of analysis is chemical, the 
determination being based on a suitable reaction which involves the 
constituent in question. The most important of the chemical methods 
of quantitative analysis are the gravimetric and the volumetric methods 
of determination. In the former, the constituent is isolated and weighed 
directly, usually in the form of a pure compound of known, definite 
composition- In the volumetric methods the constituent present is 
caused to react with an accurately measured volume of reagent the 
strength of which is definitely knoTO. 

Whatsoever the technique in carrying out a determination, the 
fundamental basis of the calculations of quantitative analysis rests 
firmly on the laws of chemical reactions. These arc (1) the Law of 
Chemical Equilibrium and (2) the Law of Combining Weights. By 
suitable applications of the first-named law, the equilibrium relationships 
in a reacting system can be ascertained, the correct conditions for an 
accurate determination are established, and the extent or completeness 
of the reaction can be calculated. Applications and illustrations of 
equilibria will be referred to frequently in this book. 

The Law of Combining Weights, together with the Law of Definite 
Proportions, is the most fundamental generalization in chemical science. 
The latter law states that in a chemical compound the constituents are 
always present in definite, constant proportions, whereas the Law of 
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Combining Weights states that in a chemical reaction, combination or 
reaction takes place by weights which are proportional to the atomic or 
molecular weights of the reacting constituents. Therefore, given the 
equation for a chemical reaction, we can calculate the weight of reagent 
required, as well as the weight of product formed in the reaction; or, 
conversely, if we measure the amoimt of reagent required or weigh the 
product resulting from the reaction we can, by direct proportion, calcu- 
late the amount of constituent present. A calculation based on such a 
direct proportionality between actual weights and atomic or molecular 
weights is known as a stoichiometric calculation. Such stoichiometric, or 
direct proportion, calculations are a necessary and important part of 
every quantitative determination; and, together with equilibrium cal- 
culations, they embrace practically all the calculations of this fund- 
amental phase of chemistry. 

The data, obtained in a quantitative analysis and used in the calcula- 
tion of results, consist fundamentally of weights, and of measured vol- 
umes of solutions. The measurements arc made by means of the 
analytical balance and the volumetric measuring apparatus, namely, 
flasks, pipettes and burettes. The operations or manipulations by 
which these necessary data are secured consist, therefore, of accurate 
weighing and careful measuring. 

Since the object of a quantitative determination is to find the amount 
of pure constituent in a given vsample, the calculation of the results, from 
the analytical data, resolves itself into finding in what ratio the pure 
constituent is present in the sample taken for analysis. Most com- 
monly, the proportion by weight, rather than by volume, is desired. 
The relation is, then, numerically, a ratio of the weight of pure consti- 

_ . , - , . Weight of pure constituent 

tuent to the weight of sample, i.e., • 

Weight of sample 

If, for example, we find, by analysis, that a 0.2500-gram sample of a 

silver alloy contains 0.1250 gram of pure silver, then the ratio , 

0.2500 

or 0.5000, gives the proportion of pure silver in the sample. It is to be 
strongly emphasized, at this point, that no matter by what chemical or 
physical method the determination is carried out, whether a gravimetric 
or a volumetric method of analysis is employed, the ultimate objective 
in any such analysis Is to determine the weight of the pure constituent. 

The final result is most frequently expressed in terms of percentage 
by weight, i.e., in parts per hundred parts of the sample. This leads to 
a simple, direct proportion, expressed thus: 

Weight of pure constituent: Weight of sample = z : 100 
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in which x is the parts by weight of constituent in 100 parts of the sample. 
By cross-multiplication, the more usuable expression is obtained : 


Weight of constituent 
Weight of sample 


X 100 = Percentage 


In the example cited, the percentage of silver in the alloy is calculated 
thus: 

0.1250 

x lOO = 50.00 per cent 

0.2500 


Instead of reporting the final result in terms of percentage, it might be 
reported in parts per thousand, per ten thousand or even, as in the case 
of the determination of traces, in parts per million. In fact, in the spe- 
cial field of preci()us-m(^tal analysis, silver would be reported, not as per- 
centage, but rather in parts per thousand. For this the term '‘fineness” 
is used; the alloy under cejnsideiration would be spoken of as being 500.0 
fine, or as having a "fineness” of 500.0. 


ERRORS, PRECISION AND ACCURACY 

How accurate are the results of a quantitative analysis? How precise 
arc the data obtained in the measurements? What are the sources of 
error and how can they be evaluated and minimized? These are ques- 
tions constantly asked by the alert, thoughtful worker. 

Errors arise from various sources, such as weighings and burette 
readings, inaccurately calibrated weights and volumetric apparatus, 
sheer carelessness in technique, inherent errors of the method iteelf, and 
personal errors due to the individuars observations. The magnitude of 
these errors can best be appreciated by considering the precision of the 
measurements. 

Precision. By precision is understood the agreement among them- 
selves of a series of measurements, calculations or results. In quantita- 
tive analysis the precision of a series of values is usually obtained from 
the average or mean deviation. To do this, the set of values is averaged 
and, from this average, the deviation of each individual value is obtained. 
These deviations from the average are then averaged, by which the 
average deviation from the average of the values is obtained. The 
result is expressed as a ratio, either in parts per hundred as percentage or 
else in parts per thousand. An illustration will make this clear. 

Example 1, Calculate the precision, in percentage and in parts per 
thousand, of the following series of burette readings: (a) 30.25 cc.; 
(6) 30.20 cc.; (c) 30.15 cc.; (d) 30.23 cc. The average of the burette 
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readings is the sum divided by the number of readings, namely, 120.83 -r- 
4, or 30.21 cc. Taking the difference between this average and each 
reading gives the deviations (a) 0.04 cc., (b) 0.01 cc., (c) 0.06 cc., (d) 0.02 
cc. and an average deviation of 0.032 cc. Then 


U.u;52 

X 100 = 0.105 part per hundred (per cent) 

oU.iil 


X 1000 = 1.05 parts per thousand 


The average precision is therefore approximately 0.1 of 1 per cent, or 1 
part per thousand. 

In the above example, all four observations have been retained and 
used in the computation. The individual precision of each might. b(^ 
calculated similarly. But suppose there had been a fifth reading, 
deviating considerably from the other four. The important question to 
decide in any series of values is what values to reject and not to include 
in the calculation. I'hLs matter is usually governed by the known pre- 
cision of the measurement. 

Accuracy. By accuracy is meant the agreement of a single result 
or the average of two or more results with the known correct result. 
The error in a result is the difference l)etween the observed or calculated 
value or values and the true value. Thus, suppose the known percentage 
of constituent in a certain sample is 25.00 per cent and a student reports 
the values 24.90 per cent and 24.95 per cent, respectively. The reported 
results differ from the true value by 0.10 and 0.05 per cent. The 
errors made, expressed as percentage error, arc therefore 



Expressed as error in parts per thousand the errors are 
X 1000 = 4 parts per thousand 

aO.UU 

'0.05 

— — X 1000 = 2 parts per thousand, respectively 


and 
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Suppose four different silver-alloy samples are given to four students 
for analysis, and they report, as averages of their individual results, 
24.95, 49.95, 74.95 and 99.95 per cent, respectively, the true content 
being 25.00, 50.00, 75.00 and 100.00 per cent. The absolute error made 
by each student is the same, namely 0.05. But the percentage errors 
are 0.2, 0.1, 0.05 and 0.025 respectively. 

Significant Figures. Significant figures are the digits which when 
placed in order give the value to a number. Thus in the quantity 
represented by the number 635, the digits 6, 3 and 5 are significant 
figures. Zeros are used in some cases to locate the decimal point, in 
other cases they may be significant figures. In the number 30.25 the 
zero is a significant figure; in 0.015 the zeros are not significant but show 
the order of magnitude represented by the other digits. Zeros follow- 
ing other digits may or may not be significant. 

The ordinary analytical balance weighs to one-tenth of a milligram, 
that is, to the fourth decimal place; hence only four digits to the I’ight 
of the decimal point, in the weight of an ol)ject, are significant. A 
burette can be estimated to one one-hundredth of a cubic centimeter; 
hence two digits to the right of the decimal point are significant. 

Computation Rules. In any calculation, in order that the result 
may express the degree of precision, the correct number of significant 
figures should be retained, and all others discarded. In general, only as 
many significant figures should be retained in a number as will give one 
uncertain figure. In rejecting uncertain figures the last figure retained 
should be increased by 1 if the discarded figure is 5 or more. Thus, if 
in the number 4.527 the last figure is uncertain the value 4.53 is to be 
recorded. 

Addition and Subtraction. In adding or subtracting numbers, the 
rule is to retain in each number only such significant figures as correspond 
to the last digit in the number having the least number of significant 
figures to the right of the decimal point. An example will illustrate this 
rule. 

Example 2, It is desired to find the sum of the weights of three 
objects. Suppose that three objects are carefully weighed on an analyt- 
ical balance to the fourth decimal place, that is, to tenths of a milli- 
gram, the weights being 17.9000 grams, 4.5300 grams and 0.0560 gram, 
respectively. In this case, the zeros in the first and second numbers and 
the zero following the 6 in the third number are all significant and are 
therefore retained, the desired sum being, as tabulated in case I, below, 
22.4860 grams. 

Suppose, however, on the other hand, that the first object is roughly 
weighed to the nearest tenth of a gram, 17.9 grams being recorded, that 
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the second object is weighed to the nearest hundredth of a gram, 4.53 
grams and the weight of the third object being recorded as 0.056 gram. 
Since the number 17.9 contains but one significant figure to the right of 
the decimal point, the other fractional parts of a gram not being deter- 
mined, this number controls the discarding of significant figures from the 
other two quantities. The numbers to be added are therefore 17.9, 
4.5 and 0.1 gram (the number 0.056 being modified in accordance with 
the rule that, if the figure to be discarded Is 5 or more, the preceding 
figure is increased by 1). 

Comparison of these two cases is shown in the following tabulation. 

Case I Case II 

17.9000 17.9 retained as 17.9 

4 . 5300 4 . 53 changed to 4.5 

0.0560 0.056 changed to 0.1 

22 . 4860 grams 22 . 5 grams 

Multiplication and Division. In multiplying and dividing, the pre- 
cision of the result cannot be greater than the precision of the quantity 
containing the least number of significant figures. Therefore, as many 
significant figures should be retained as arc contained in the quantity of 
the least accuracy, the quantity with the least number of significant 
figures. In a series of multiplications or divisions superfluous figures 
should be discarded at each operation and not carried throughout several 
such steps. The final result will then appear with the correct number of 
significant figures. 


EXPONENTS 

The laboxof counting fig ures to the left nr rip;h t.nf the deeinrifl] pni-yg.- 
can GTetoinated by the iige^ of exponents^ In addition to economy of 
^ace, a glance at the exponent gives an immediate insight into the mag- 
nitude of the number. In data concerning solubility, equilibrium con- 
stants and in general in many of the data of the exact sciences, even 
though the magnitudes may be extremely large or small, the values are 
seldom obtained with a precision extending to even the fourth significant 
figure. 

The magnitude of a quantity is expressed in the exponential form by 
writing the digits as coefficients multiplied by 10 raised to the proper 
power. Thus, the number 1000, which is the product of 10 X 10 X 10, 
or ten cubed, is written exponentially 1 X 10^. The number 0.001, 
the product of 0.1 X 0.1 X 0.1, is written 1 X 10“^^. The number 7000 
becomes 7 X 10^, and 0.007 becomes 7 X lO”^. The simple rules 
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f or exponents and coefficients in converting ordinary numbers into the 
exp onential form - 

” T. For numbers greater than unity, the exponent acquires the same 
value as the number of zeros in the ordinary number. In the example 
given, three zeros are found ; therefore the exponent is 3. 

2. For numbers less than unity, i.e., for decimal fractions, the 
expoiKjnt, with a negative sign, is one more than the number of zeros 
which follows the decimal point. In converting the number 0.007, the 
exponent is —3. 

3. According to the convention adopted in this book, the coefficients 
arc treated in the following manner. When more than one significant 
figure is given, followed or prec('ded by zeros, the first significant figure 
Is plant'd b()fore the decimal point, the othtjr significant figures following 
the decimal point. In view of this convention in the location of the 
decimal point, the value of the exponent must be adjusted. For 
example, the number, 504000, when expressed according to rule (1), is 
604 X 10’^ but according to the convention of placing one significant 
figure to the left of the decimal point, the quantity is written 5.04 X 10^. 
Likewise, the number 0.000504 becomes 5.04 X 10~^. 

By using th(^ exponential form of expression, the arithmetical opera- 
tions of multiplication, division, etc., are greatly simplified. 

Multiplication by Use of Exponents. To multiply two or more 
quantities, the numbers are first expressed exponentially. The coeffi- 
cients are then treated in the ordinary way and the exponents are added 
algebraically. 

Example 3, Multiply 45,000 by 0.051. 

Since 45,000 becomes 4.5 X 10"* and 0.051 becomes 5.1 X lO''^ we 
have by multiplying the coefficients and adding the exponents 

45,000 X 0,051 = (4.6 X 5.1) X 10^ 

22.95 X 102 
= 2.296 X 103 
= 2.3 X 103 
= 2300 

Division by Use of Exponents. When dividing two quantities after 
expressing them in the exponential form, the coefficients are divided in 
the ordinary manner, and the exponents are subtracted algebraically. 
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Example 4 . Divide 3730 by 15.21. 

3730 3.730 X 10® 

15.21 “ 1.521 X 101 
= 2.452 X 10® 

= 245.2 

When raising numbers to any required power, the exponents are 
doubled for squaring, trebled for cubing, etc., the coefficients being 
squared, cubed, etc., in the ordinary way. 

Example 5. Square the number 6.0 X 10®. 

(6.0 X 10®)2 = (6 X 10®) X (6 X 10®) 

= 36 X 10® x® 

= 36 X 10° 

= 3.6 X 10^ 

When extracting the .square root, divide the c.\poncnt by 2, and when 
(•xtracting the cube root, divide the exponent by 3, treating the coeffi- 
cients in the usual manner. If the exponent is an odd number, increase 
it by 1 and compensate for this in the coefficient. 

Examples. Extract the square root of 1.6 X 10“®. Changing this to 
an exponential value with an even exponent 

Vl.e X 10-® = V'l6 X 10-6 
= 4 X 10-® 

The extraction of roots becomes a comparatively simple matter when 
logarithms are used, as explained on page 10. 

LOGARITHMS 

The solving of problems and of the results of determinations from 
analytical data is greatly facilitated by the use of logarithms, and it is 
strongly advised that students employ this method. To those not 
familiar with logarithms, it may be said that many hours of tedious long- 
hand computation may be saved by acquiring a working knowledge of 
this very helpful mathematical device. 

A logarithm is an exponent which must be applied to a number, 
known as the base, in order to produce any given number. In the com- 
mon or Briggsian system of logarithms, the base is 10. Thus in the 
equation 


102.0000 == 100 
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the exponent 2.0000 is the logarithm of 100, when the base is 10. The 
above equation, in terms of logarithms, can then be written; 

logio 100 = 2.0000 

which states that the logarithm of 100 to the base 10 is 2.0000. The 
relation of exponential to logarithmic forms for simple, whole numbers as 
exponents is shown in Table 1. 


TABLE I 


Number 

Exponential 

Form 

Logarithm 

1,000,000 

10* 

C 

1,000 

10® 

3 

100 

10® 

2 

10 

10* 

1 

1 

10“ 

0 

0.1 

10 

-1 

0.01 

10 -® 

-2 

0.001 

10 “® 

-3 

0.000001 

10"® 

-6 


Note that the logarithm of 10 is 1, that of 1 is 0 and that for 
negative exponents there result corresponding negative logarithms. 

A logarithm is made up of two parts: the mantissa, placed to the 
right of the decimal point, and found in logarithmic tables; and the 
characteristic, which is placed to the left of the decimal point. The 
mantissa gives the antilogaritiun or the number of which it Ls the 
logaritlun; the characteristic locates the decimal point in the antiloga^ 
rithm. Thus the logarithm of 217 is 2.3365, where 2 is the characteristic 
and 0.3365 is the mantissa. In four-place tables of logarithms, the 
mantissa is given to four significant places. The following rules apply in 
determining the characteristic: 

1. If there arc n digits before the decimal point, the characteristic is 
represented by a number equal to n — 1. Thus the number 217 has 
3 — 1, or 2, as the characteristic of its logarithm. 

2. If there are no digits before the decimal point and no zeros before 
the significant figures after the decimal point, the characteristic is T, or 
9 — 10. If there are no digits before the decimal point, and n zeros 
before the first significant figure after the decimal point, the character- 
istic Is T + (—n) or (9 — n) — 10. It is to be noted that the char- 
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acteristic only is affected by the negative sign, the mantissa retaining a 
positive value. 

The following examples will illustrate the use of the logarithm tables 
in finding logarithms. 

Example 7. Find the logarithm of 5326. 

The characteristic is 3 since there are 4 digits before the decimal 
place. In the table of logarithms in the Appendix locate 53 in the 
“natural-numbers” column, and move horizontally to the right until, 
under the “2” column, the figures 7259 arc found. This is the mantissa 
of 5320. Moving further to the right along the same line the figure 5 is 
found under column 6 of “Proportional Parts.” Tliis figure, 0005, shows 
how much greater the logarithm of 5326 is than that of 5320. The 
logarithm of 5326 is therefore 3.7259 + 0.0005, or 3.7264. 

Example 8. Find the logarithm of 0.0002457. 

The characteristic is 4 or 6 — 10. The mantissa is found by locating 
24 in the “natural numbers” column and moving horizontally to the “5” 
column. To the figures there found, 3892, must be added the propor- 
tional part under “7,” giving 3904 as the value for the mantissa. The 
logarithm is therefore 4.3904, or 6.3904 — 10, 

Use of Logarithms in Mathematical Operations. The operations of 
multiplication and division, and their extensions to raising numbers to 
any desired power, or, conversely, in extracting roots, are most readily 
accomplished by the use of logarithms. For multiplication and division 
the process consists in converting the given numbers to their logarithms, 
then performing the indicated addition or subtraction, and finally con- 
verting the sum or difference of the logarithms to ordinary numbers. 
Finding the number corresponding to a logarithm is obviously the re- 
verse of the process of finding a logaritlun. This involves the use of a 
table of antilogarithms and is illustrated in the following example. 

Example 9. Find the antilogarithm of 2. 1768. 

Using the table of antilogarithms in the Appendix, locate the number 
17 in the “logarithms” column. Move horizontally to the “6” column, 
where 1500 is found. Move further to the right until, under “Propor- 
tional Parts,” column “8” is reached. The figure 3 found there is added 
to 1500, giving 1503. The characteristic 2 means that there are three 
digits to the left of the decimal point. The required number is therefore 
150.3. 

Extraction of Square and Cube Roots. The simplest manner of 
extracting square and cube roots is by the use of logarithms. Since 
logarithms are exponents, the rules given in the section on exponents will 
govern the method used. This is illustrated by the following examples. 

Example 10. Find the square root of 504.7. 
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The logarithm of 504.7 is 2.7030. Dividing this latter quantity by 
2 gives 1.3515, the logarithm of the square root. The desired number is, 
therefore, 22.5. 

Example 1 1 . Find the cube root of 0.0356. 

The logarithm of 0.0356 is 2.5514, or 8.5514 — 10. It is desirable 
on division to obtain a quotient which will retain the quantity — 10. 
Hence, the logarithm is adjusted to 28.5514 — 30. Division by 3 givas 
the value 9.5171 — 10. The antilogarithm, the cube root of 0.0356, is 
0.329. 

Interconversion of Exponential Numbers. It is sometimes desired 
to express quantities in the exponential form so that the coeflScient shall 
be 1. This transformation necessitates the use of logarithms. Calcu- 
lations of this kind are illustrated in the following examples. 

Example 12. Express the quantity 6.2 X 10* in the pure exponential 
form. 

In order to transfer the coefficient, 6.2, to the exponent, the logarithm 
of 6.2 is added to the logarithm of 10^. 

log (6.2 X 10^) = log 6.2 + log 10^ 

= 0.7924 + 4 
= 4.7924 
= 4.8 

From the fact that logarithms are exponents it is obvious that 

6.2 X 10^ = 1 X 10^ 8 

Example 13. Convert 7.2 X 10“^ to the pure exponential form, 
log (7.2 X 10 = log 7.2 + log 10-^ 

= 0.8573 + (~>5) 

= - 4.1 

Therefore 

7.2 X 10-^ = 1 X 10-^1 

The reverse process affords no difficulties when positive exponents 
are involved, but the operation is somewhat more complicated with 
negative exponents. Suitable examples of both types follow. 

Example 14- Express 1 X 10®-^® as a mixed number. 

In the quantity 1 X 10®-^® the exponent 6.45 is a logarithm with a 
characteristic of 6 and a mantissa of 045, In order to retain in the 
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exponent the whole number, 6, it is necessary to find the antilogarithm of 
0.45 and use it as the cocfiicient. 

From the antilogarithm tables, the antilogarithm of 0.45 is 2.8. 

Therefore, 

1 X 100-^5 = 1 X 10® X 1 X 10® 

= 2.8 X 10® 

Example 16, Convert 1 X lO-^ ®*^ into a mixed number. 

In the discussion of the nature of logarithms it was stated that the 
mantissa must have a positive value. In the exponent or logarithm 
— 7.63, the mantissa as well as the characteristic is negative, and in order 
to convert the value —0.63 into a positive mantissa, 0.63 is subtracted 
from 1.00 giving as a positive mantissa 0.37 and —8 as the new character- 
istic, or 

1 X 10-7 .®3 = 1 X 10-® X 10®-^7 

From the antilogarithm table it follows that 

10®-^7 =, 2.3 

The converted quantity can now be expressed as a mixed number, 
with a positive cocfiicient and an exponent consisting of a negative whole 
number. 


Therefore 


1 X 10-7.C3 == 2.3 X 10-® 


The calculation of pH values, discussed in Chapter V, involves 
the finding of the logarithm of reciprocals. Hero, the expression of 
quantities in the pure exponential form is often highly desirable. The 
following examples illustrate the method of procedure. 


Example 16. 


Calculate the value of log t : 

lx 10-® 

I xio^ = log 1 - log 10-6 
= 0 - (- 6 ) 


= 6 


PROBLEM SET f 

Precision, Accuracy, Errors, Mathematical Computations 

1 . Using the ordinary analytical balance, three students weighed the same 
object and reported the weight as 6.123 grams, 6.1230 grams and 6.12300 grams, 
respectively. Which value is correctly reported? Ans. 6.1230. 
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2. Volumes of solutions were reported having been measured as follows: 

(a) 16.2 cc. from a 100-cc. measuring cylinder; (6) 10 cc. from a 10-cc. transfer 
pipette; (c) 32 cc. from a 50-cc. burette. How should each have been reported? 

3 . If (a) in measuring 10.00 cc., an error of 0.10 cc. is made, what is the per- 

centage error in the measurement? If (b) the sam(5 error is made in measuring 
25.00 cc.? If (c) in measuring 60.00 cc.? Am. (a) 1.00 per cent. 

(b) 0.40 per cent. 

(c) 0.20 per cent. 

4. What weight of constituent should be found in a series of analyses in which 
the weight of sample is 0.5000 gram and the percentage of constituent present is: 
1, 10, 30, 80 and 98 per cent respectively? 

6. Supix)se that in a gravimetric determination, run in triplicate, the weights 
of the precipitates arc respectively 0.8112, 0.8106 and 0.8100 gram. If in each the 
weight of precipitate is multiplied by the factor 0.4116 and divided by the weight 
of sample, 0.5000 gram, what is the percentage of constituent in the sample, and what 
is the precision in parts per thousand? Should any of tlui rtisults be rejected if the 
precision of the method is 3 parts per thousand? 

Am. (a) 66.77; 66.73; 66.68 per cent. 

(b) Deviation of 0.6; 0; 0.7 part per thousand. 

(c) No. 

6 . The result of an analysis run in triplicate gave 70.12, 70.65, and 70.24 per 
cent of constituent in the sample, (a) If the precision of this particular determina- 
tion is 0.2 of 1 per cent, what value, if any, should be rejected? (b) Calculate the 
d(;viation of each result from the mean, (c) If the correct result is 70.30 per cent, 
wliat is the percentage error made in each run? 

7. In a certain analysis a chemist took too small a weight of sample so that the 
result corresponded to only 0.0050 gram of constituent, (a) If an error of 0.1 milli- 
gram was introduced in the anjilysis, how large a percentage error has been made? 

(b) If on the other hand with a much greater weight of sample the result corre- 
spond(jd to 0.5000 gram of constituent and the same error of 0.1 milligram was 
introduced, what was the percentage error in this case? 

Am. (a) 2.0 per cent; (b) 0.02 per cent. 

8. The analysis of a certain material gave 30.12 per cent and 29.97 per cent. 
(a) What is the precision of the analysis expressed in parts jxir thousand? (b) If 
the true value is 30.00 per cent, what is the percentage error of each determination? 

9. If, in a certain titration procedure requiring 35.00 cc. of titrating solution, 
each cubic centimeter of which is equivalent to 0.005394 gram of silver, the end 
point is overstepped by two drops (0.1 cc.), what is the error in terms of grams of 
silver? What is the error, if, in a similar titration, the titrating solution has a silver 
value of 0.05394 gram per cubic centimeter? 

Am, 0.54 milligram; 5.4 xnilligrams. 

10 . Suppose that in a quantitative determination it is desirable that the weight 
of constituent determined should not be less than 1 centigram (0.0100 gram). What 
weight of sample should be taken, if the constituent is known to be present in the 
sample in the approximate percentages: 1; 10; 25; 50; 75; 95? 
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11. Duplicate results, obtained in determining a certain constituent, gave 
0.2167 gnun and 0.2160 gram of the constituent in 0.2552 gram of the sample. 
Calculate (a) the percentage of the constituent in the sample; (6) the deviation from 
each other, in percentage, of the two results; (c) the deviation from each other of 
the percentage, expressed in parts per thousand. 

Aris. (a) 84.91 and 84.64 per cent. 

(6) 0.27 per cent; (c) 3.2 parts per 1000. 

12. Successive weighings of an ignited precipitate gave the following values: 
0.3657, 0.3654, 0.3653 gram. What is the deviation from the mean (a) in milli- 
grams; (6) in parts per thousand? 

13. If 0.7658 rei)r(^sents the weight in grams of ignited precipitate obtained in a 

gravimetric determination, 0.41 16a factor, by which this weight is multiplic^d in order 
to give the wtiight of constituent, and the weight of sample used is 0.4789 gram, how 
would you represent the jiercentage of constituent, with respect to the number of 
significant figures retained? Am. 65.82 per cent. 

14. Rewrite each factor in the following indicated equation in the exponential 
form and solve for x. 

0.00131 X 0.00131 _ 

0.0986 “ * 


16. Solve for X in the following equations: 


(a) 

1.2 X 10'*' 

Am. (a) 



2.3 X 10"** “ 

5.2 X 

10~1 


7 

c 

X 



10~®. 

(6) 

5.0 X 10-« 

(5) 

2.4 X 

(c) 

V 1.2 X 10-*' = X. 

(c) 

1.1 X 

10-7. 


16. Solve for x in the following equations: 

(а) X X 3.5 X 10-“ = 1 X 10-“ »2 

(б) X X 1 X 10-' “ = 1 X 10-*® “ 
(c) X X 8.1 X lO-'-’® = 1 X 10-** “ 


17. Quantities typical of the data of quantitative analjrsis are given below, 
properly arranged. Perform the indicated operations, using logarithms: 


(a) 


0.7658 X 0.4116 
0.4789 


X 100 


(&) 

(c) 


0.2548 X 


^107.88 

169.89 


30.00 

0.1620 


30.00 X 0.05300 


X. 


X. 


X. 


Ana. (a) 65.83. 


(5) 0.005394. 


18. Convert the following quantities into pure exponents: 
(o) 1.2 X 10-*'. 

(5) 3.8 X lO-'. 

(c) 1.8 X 10-*. 


(c) o.ioia 
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Ans. (a) 3.2. 
(6) 7.12. 
(c) 6.96. 


20. With logarithm tables, a slide rule (if you arc familiar with its use) and watch 
at hand, time yourself for the following indicated operations using (a) long-hand 
computation, (6) log tables, (c) slide rule. 


35.65 X 0.1086 X 0.03546 
0.5000 


X 100 


? 


With regard to the retention of the correct number of significant figures in the 
final result, how do the three results agree? Should slide-rule computations be 
employed in computing the results of a quantitative analysis? 



CHAPTER II 


THE REAGENTS OF QUANTITATIVE ANALYSIS 

Inasmuch as chemical methods of quantitative analysis are based on 
reactions which arc brought about, in general, by adding reagents to the 
material undergoing analysis, the selection, preparation and use of the 
proper reagents deserve our first attention. In fact, from this point of 
view the whole subject of quantitative analysis may seem to consist of 
the correct use of reagents. Every analytical chemical laboratory must 
be adequately supplied with a wide variety of reagents and it is the 
business of the analytical chemist to prepare them properly and to use 
them correctly. In an institutional laboratory some of these reagents 
are prepared in advance and supplied to the laboratory as shelf reagents 
W’hcreas others must be prepared individually by each student. 

The reagents consist of solids, gases and liquids, and have a variety 
of Uvses. Among the solids may be mentioned such substances as 
Na2C03, Na202 and KHSO4, used as fusion agents for rendering soluble 
the more refractory samples, and metals such as zinc and cadmium used 
as reducing agents. As examples of gases may be cited H2S for the 
precipitation of sulfides, and carbon dioxide and nitrogen for maintaining 
inert atmospheres. The liquid reagents may be cither pure liquids, 
namely, organic solvents and extractants such as ether, alcohol, acetone, 
etc., or else aqueous solutions prepared, in turn, by dissolving gases, 
liquids or solids in water or by diluting the more concentrated solutions. 
It should be pointed out that with regard to aqueous solutions, their 
strength is for the most part only approximately known, whereas, for the 
solutions used for titration in the volumetric methods of analysis, the 
strength must be accurately determined by a special process known as 
standardization ; only after the strength is accurately known, are such 
solutions referred to as ^‘standard^^ solutions. 

The uses to which these reagents are put, based on the kind of reac- 
tions involved, may be briefly summarized as follows: 

1 . For dissolving samples, residues and precipitates. 

2 . For acidifying, neutralizing or rendering a solution basic. 

3 . For precipitating. 

4 . For oxidizing or reducing. 
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METHODS OF DESIGNATING THE STRENGTH OF SOLUTIONS 

In the preparation of solutions of the many reagents employed, the 
experimenter must decide upon a suitable strength so that the proper 
amount of solute may be taken for the preparation of the desired quan- 
tity of reagent and upon a system of expressing the strength of the 
reagent. There are a number of methods in common use foi; expressing 
the strength of solutions and it is important to understand these designa- 
tions. They are: 

1. Solutions of empirical strength. 

2. Volume-ratio designation. 

3. Percent-age by weight of solute. 

4. Specific gravity or density. 

5. Molar and inolal solutions. 

6. Normal solutions. 

7. Titre designation. 

These solutions will now be more fully described in connection with 
typical illustrative calculations involved either in their preparation or 
in their use. 

1. Empirical Solutions. A number of reagent solutions are made of 
a strength best suited, by experience, for a particular purpose. The 
strength is frequently indicated in grams of solute per liter of solution. 
For example, a solution made by dissolving 20 grams of BaCk *21120 in 
water and diluting to a liter is found well suited for the precipitation of 
BaS04. 

Example 1. How many cubic centimeters of a reag(uit containing 
20 grams of BaCk •2H2O per liter are required to react with 0.2467 gram 
of pure Na2S04? 

The reaction is: 

Na2S04 + BaCk -21120 = BaS04 + 2NaC] + 2H2O 

By direct proportion, the ratio by weight is 

BaOk*2H20 : Na2S04 = x : 0.2467 

( 244 . 31 ) ( 142 . 05 ) 

in which x is the total weight of BaCk-2H20 required by 0.2467 gram of 
Na2S04. Solving this equation we find x to be 0.4240 gram. Since in 
lOOO cc. there are 20 grams of reactant, each cubic centimeter will con- 
tain 0.02000 gram and, since 0.4240 gram is required, the volume needed 
will be 0.4240 -r 0.02000, or 21.2 cc. 
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2. Designation by Means of the Volume-Ratio. Occasionally one 
encounters, in following a procedure of analysis, instructions like “acidify 
with a 1 : 2 hydrochloric acid solution’^ or “neutralize with 1 : 9 ammo- 
nium hydroxide.” A 1 : 2 HCl solution means a reagent made by diluting 
one volume of “concentrated” hydrochloric acid with two volumes of 
water. Such reagents are used for only the roughest work. The strength 
is not known accurately and the use of this designation is to be dis- 
couraged as unscientific. 

3. Percentage by Weight Solutions. Under this designation, two 
types of reagents are referred to, namely (a) those made by dissolving 
a specified weight of solid solute and (b) the common neutralizing agents, 
namely ammonium hydroxide and hydrochloric, nitric and sulfuric acid. 
With respect to the first type, when referring to, let us say, “a 10 per 
cent solution of NaCl,” the meaning is somewhat ambiguous, because 
such a solution might be made in any one of the following ways, namely, 
by dissolving: 

1. 10 grams of NaCl and diluting to make 100 cc. of solution. 

2. 10 grams of NaCl in 100 cc. of water. 

3. 10 grams of NaCl in 100 grams of water. 

4. 10 grams of NaCl in 90 grams of water so that the total weight of 
the solution is 100 grams. 

Obviously only the last method will give a true 10 per cent solution by 
weight, though it is simpler and quicker to prepare the solution by the 
first or second method. The exact, scientific designation applies to the 
last type. Note that in preparing such a 10 per cent solution by dis- 
solving 10 grams of NaCl in 90 grams of water, the total volume is not 
100 cc. ; nor is it 90 cc. The volume is dependent upon the expansion 
or, in special cases, the contraction of the liquid when a solute is added, 
and, of course, upon the temperature. 

In designating the strength of the four common reagents mentioned 
under the second type, the percentage by weight of the pure (gaseous) 
solute may be employed, though usually the specific gravity of the solu- 
tion is used instead. Nevertheless the percentage by-weight is involved 
in the computations since these reagents are pr^ared by diluting the 
more concentrated ones. This type of reagent is discussed under the 
next heading. 

4. Designation of Strength by Means of Specific Gravity. Refer- 
ence to the density tables for HCl, HNO3, H2SO4 and ammonia solutions, 
to be found in the Appendix, will show the variation of the specific grav- 
ity with the percentage by weight of the solute. It will be noted that, 
in the case of HCl the solute, hydrogen chloride, will dissolve in water, 
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at 15° C., until the resulting solution attains q. specific gravity of 1.200 
and contains 39.11 per cent by weight of pure HCl. Ordinary ‘ ^con- 
centrated^ ^ hydrochloric-acid solution will be considered in this book to 
have a specific gravity of 1.19 and to contain 37.23 per cent of HCl by 
weight. 

In the cases of HNO 3 and H 2 SO 4 , the solutions are formed by the 
oxides reacting with water, so that a 100 per cent solution is posvsible, 
corresponding to specific gravities of approximately 1.520 and 1.8385, 
respectively. These solutions, moreover, are capable of dissolving addi- 
tional amounts of the oxides forming thereby fuming nitric and fuming 
sulfuric acids. The so-called concentrated nitric acid usually dispensed 
in the laboratory contains approximately 70 per cent of HNO 3 and its 
specific gravity, for the purposes of calculation, may be taken as 1.420. 
The laboratory concentrated H 2 SO 4 is usually of 1.840 specific gravity 
corresponding to 95.60 per cent of H 2 SO 4 . 

With “aqua ammonia’* solutions, produced by the reaction of NH 3 
with the solvent, water, to form NH 4 OH, the percentage of solute is given 
in the density table in terms of NH 3 rather than NH 4 OH. “Concen- 
trated” ammonium hydroxide, as sold by the manufacturer, has a specific 
gravity of about 0.900, containing the equivalent of 28.33 per cent of NH 3 . 

Dilution Calculations, In order to show how the percentage by 
weight of the solute and the specific gravity of the solution enter into the 
calculations involved in the preparation and use of these neutralizing 
reagents, the following illustrative problems arc presented. 

Example 2, Suppose a laboratory procedure calls for the use of a 
hydrochloric-acid {solution of specific gravity of 1.10. How much water 
should be added to 50 cc. of the “concentrated” reagent (specific grav- 
ity 1.19, containing 37.23 per cent by weight of HCl) in order to prepare 
a dilute solution of the required strength? 

The problem resolves itself, algebraically, into finding the relation- 
ship between the specific gravities and percentages by weight so that the 
weight and hence the volume of water required for dilution can be cal- 
culated. Upon dilution, the absolute weight of pure hydrogen chloride 
does not undergo change, hence this factor is used in formulating the 
algebraic equation. 

Since the specific gravity of the original reagent is 1.19, each cubic 
centimeter weighs 1.19 grams and the weight of the reagent is 

50 X 1.19 = 59.5 grams 

Of this weight, 37.23 per cent is pure HCl. Therefore 

50 X 1.19 X 0.3723 = 22.15 grams of pure HCl 
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The diluted reagent is to have a specific gravity of 1.10, and from the 
specific gravity table this is found to be a 20.01 per cent solution. This 
means that, in the combined weight of the original reagent and the 
amount of water added, there should be 20.01 per cent of hydrogen 
chloride. Letting x equal the weight of water to be added 

22.15 grams = (59.5 + a:)0.2001 

from which x equals 51.2 grams and hence 51.2 cc. of water. The fore- 
going steps may, of course, be combined, for ease of computation, into 
the equation 

50 X 1.19 X 0.3723 = [(50 X 1.19) + x] 0.2001 
and X solved for directly. 

Problems of this kind are solved on a weight basis and the equation is 
based on the weight of pure solute in the original and final solution. A 
serious error would be introduced if the calculation were made of a vol- 
ume basis, because when two volumes are mixed the resulting total vol- 
ume is not the sum of the separate volumes, a contraction usually taking 
place. 

The following problem, on mixtures, will further illustrate this type 
of calculation. 

Example 3, What will be the specific gravity of a mixture resulting 
from mixing 100 cc. of 112804 of specific gravity 1.40 with 100 cc. of 
H2SO4 of specific gravity 1.82? 

Since the final volume will not he 200 cc. the specific gravity of the 
mixture cannot be calculated directly^ but the percentage of H2SO4 in 
the mixture can be computed and, from the density table, the corre- 
sponding specific gravity can be found. I^et x equal the percentage, by 
weight, of H2SO4 in the mixture. The problem then formulates itself 
thus: 

[100 cc. X 1.40 X 0.5011] + [100 cc. X 1.82 X 0.9005] 

= [(100 X 1.40) + (100 X 1.82)]x 
[70.15 + 163.9] = [(140 + 182)]x 
234.1 = 322a: 

X = 0.7270 or 72.70 per cent 

This, from the table, corresponds to a specific gravity of 1.645. 

It frequently becomes necessary to calculate the volume of reagent 
required for a reaction. In the following problem, which concerns itself 
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with neutralization, the method of calculation will be illustrated for 
reagents of the type under consideration. 

Example 4- What volume of ammonium hydroxide, specific gravity 
0.970, will neutralize 10 cc. of HCl solution of specific gravity 1.12? 

Reference to the density tables will show that the HCl solution con- 
tains 23.82 per cent by weight of pure HCl and that the ammonium 
hydroxide solution has the equivalent of 7.31 per cent NHs. For the 
chemical equation 

HCl + NH4OH = NH4CI + H2O 

we can write 

HCl + NH3 = NH4CI 

which gives the relation, by weight, between HCl and NH3. The weight 
of HCl involved in the reaction Ls 

[ 10 cc. X 1.12 X 0.2382 = 2.668 grams. 

Letting X equal the weight of NH3, the stoichiometric equation is 

NH3 17.03 _ a: 

HCl 36746 ~ 2.668 

whence a; = 1.246 grams of NH3 required. 

The volume of ammonia solution is now found from the equation 

Vol. X 0.970 X 0.0731 = 1.246 

to be 17.6 cc. 

6. Molar and Molal Solutions. If the molecular weight in grams, 
that is, the gram-molecular weight, or one gram-mole, of a solute is dis- 
solved in water or other solvent and the solution diluted to 1000 cc., the 
solution is a 1-molar (or 1 M) solution. If the gram-molecular weight is 
dissolved in 1000 grams of solvent, we have what is known to the physical 
chemist as a 1-molal solution. Molar concentrations and the correspond- 
ing terms, gram-atom and gram-ion concentration, are the units used 
so extensively in equilibrium calculations. The student no doubt is 
familiar with calculations of this kind, from his study of the theory of 
qualitative analysis. In quantitative analysis the application of equi- 
librium theory is even more important, and frequent reference to such 
calculations will be made in this book at appropriate places. Molar 
solutions, as laboratory reagents, are not generally used in quantitative 
analysis, the preference being given to normal solutions, which will be 
discussed in the following section. 

6. Normal Solutions. The designation of the strength of a solution 
in terms of its normality is the one most extensively used in volumetric 
quantitative analysis and, together with litres, is the basis of most of the 
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calculations in this very important branch of the subject. The normal 
system is based on the concept of equivalents. A gram-equivalent 
weight of a substance is that weight which will bring into reaction, 
directly or indirectly, 1 gram-aton\ic weight, 1.008 grams, of hydrogen. 
The equivalent weight, in grams, of a substance, when dissolved and 
made up to a liter of solution, wiU give a normal solution of that sub- 
stance. The difference between the normal and the molar system is that, 
in the former the gram-equivalent weight is used^ in the latter the gram- 
molecular weight. 

Since the normality of a solution rests fundamentally on the idea of 
equivalents, this concept has a most important bearing in the prepara- 
tion and use of solutions the stren^h of which Ls based on the normal 
system. Before a solution of a desired normality can be prepared it 
must be decided, from the chemical equation, what weight of solute 
constitutes a gram-equivalent weight. This will then determine the 
weight in grams required for the preparation of the solution. To decide 
what weight is equivalent to 1.008 grams of hydrogen, and hence how 
much substance is required for liter quantities of 1-normal (or 1 N) solu- 
tions, the following specific rules are applied. 

Acids, For acids, the equivalent is determined by the number of 
replaceable hydrogens. Therefore, divide the gram-molecular weight 
by the number of hydrogen atoms which can be neutralized or replaced. 
Thus for hydrochloric acid, HCl, which contains one replaceable or 
ionizable hydrogen atom in the molecule, the equivalent weight is the 
gram-molecular, weight since this amount, 36.457 grams, will furnish 
1.008 grams of replaceable hydrogen. To make a liter of 1 iV solution, 
therefore, there will be required 36.46 grams of pure hydrogen chloride. 

Example 5, What volume of ^‘concentrated^^ hydrochloric acid sol- 
ution, specific gravity 1.19, should be taken for the preparation of a liter 
of normal solution? 

Since this monobasic acid has one replaceable hydrogen, the molecu- 
lar weight of the pure solute, hydrogen chloride, in grams, namely 36.46 
grams, is required. The original hydrochloric-acid solution has a specific 
gravity of 1.19, and, referring to the density table in the Appendix, we 
find the percentage by weight to be 37.23. Therefore, the volume, x, of 
concentrated reagent necessary to furnish 36.46 grams is found by the 
equation 

X X 1.19 X 0.3723 - 36.46 

to be 82.30 cc. This volume then is measured out and diluted to a liter 
with water and the solution will be approximately a nbrmal solutimi.. 

In acetic acid, HC 2 H 30 ^ only one of the four hydrogen atoms is 
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replaceable, as is best shown by writing the formula and ionization 
equation in the following form: 

CH3COOH ^ CHsCOO- + H+ 

This, then, is a monobasic acid like HCl, and the gram-equivalent is its 
gram-molecular weight, namely 60.0 grams. For a liter of a normal 
solution of this reagent, 60 grams of the pure glacial acetic acid is 
required, and, since the specific gravity is practically 1, 60 cc. are used. 

For dibasic acids, like H 2 SO 4 , one half of the gram-molecular weight 
is required. Oxalic acid, when used for neutralizing, likewise requires 
one half of the molecular weight in grams for a liter of normal solution. 
Phosphoric acid, for complete neutralization, contains three replaceable 
hydrogens, hence one-third of the gram-molecular weight is the gram- 
equivalent weight. 

Bases. For bases, the gram-equivalent weight is calculated on the 
number of replaceable hydroxyl ions or their equivalent, A normal 
solution of a base contains, therefore, 17.008 grams of hydroxyl. For 
monoacid bases, like NaOH, the gram-molecular weight is directly the 
gram-equivalent weight, whereas, for Ca(OH )2 and Ba(OH) 2 , the 
gram-equivalent weight is the gram-molecular weight divided by two. 

Precipitating Reagents. Here the gram-equivalent weight is deter- 
mined by the valence of the precipitating ion, and, to make this equiv- 
alent to one hydrogen, the rule is to divide the molecular weight by the 
valence of the precipitating ion of the reagent. Thus, for a normal sol- 
ution of KCNS, to be employed in the precipitation of silver from AgNOa 
in the reaction: 

KCNS + AgNOa - AgCNS + KNOa 

the molecular weight of KCNS, in grams per liter, is required. 

For K 2 Cr 04 , in the precipitation of PbCr 04 according to the reaction 

K 2 Cr 04 + Pb(N 03)2 = PbCr 04 + 2 KNO 3 

divide the gram-molecular weight of K 2 Cr 04 by 2. 

Oxidizing and Reducing Agents. Here the rule is: Divide the gram- 
molecular weight of the reagent by the change of valence undergone by 
the element or ion in being reduced or oxidized. The change of valence 
must be determined for the reaction involved and is best arrived at, in 
the balancing of the equation, by finding the number of electrons gained 
by the oxidizing substance and lost by the reducing substance. The use 
of oxidizing and reducing solutions of suitable normalities constitutes 
such an important part of volumetric analysis that further discussion 
will be deferred until later. 
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7. Designation in Terms of Titre. The method of expressing the 
strength of a solution by its titre is probably the simplest and most direct 
of all methods. The titre of a solution is its strength in grams per cubic 
centimeter cither of the solute contained in one cubic centimeU^r or the 
weight of substance which will react with one cubic centimeter of the 
solution. To illustrate: A solution which contains, say, 16.99 grams of 
AgNOa per liter would contain 0.01699 gram of AgNOs in 1 cc.; 0.01699 
gram would be its AgNOa-titre. The Ag-titre of this solution would be 
the value of 1 cc. in terms of Ag rather than AgNOa contained therein and 
would be calculated from the relation 


Ag : AgNOs = X : 0.01699 

( 107 . 88 ) ( 169 . 9 ) 


from which x = 0.01079 gram, which is the Ag-titrc of this solution. If 
one wished to know how much AgCl a certain volume of this reagent 
would precipitate, the appropriate titre would be the AgCl-titre, namely 
the grams of AgCl wliich would be precipitated by one cu))ic centimeter 
of this reagent. The AgCl-titre, like the Ag-titre, is found by direct 
proportion, or better still by the appropriate chemical factor 


or 


whence 


AgCl : AgNOa == x : 0.01699 
AgCl 


X 0.01699 = X 


AgNOa 

X = 0.01433, the AgCl-titre of this solution 


Frequent use is made of titres in the calculations of analytical chemistry, 
especially in volumetric analysis, and many illustrative examples and 
problems involving titres are given in this book. 


PROBLEM SET 2 
Thb Strength of Reagents 

v21. What volume of KCNS solution containing 4.859 grams of KCNS per liter 
is required to precipitate, as AgCNS, the Ag in 0.2500 gram of AgNOa? 

Am, 29.43 cc. 

«i22. A gram of each of the following substances corresponds to what weight of 
iron: (a) FeS04, (6) Fe203, (c) FeS04(NH4)2S04*6H20, (d) Fe304, (e) K4Fe(CN)6? 

4 23. What weight of NaOH is required to neutralize the oxalic acid liberated from 
the CaC204 obtained by precipitating the Ca contained in 1 gram of CaO? 

Am, 1.426 gram. 
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24. Suppose (a) you add 5 grams of NaCl to 100 grams of water. What will be 
the percentage by weight of the NaCl in the solution? (6) If you add enough water 
to 5 grams of NaCl to make 100 grams of solution, what is the percentage of NaCl 
in the solution? 

Calculate the weight, in grams of solute required to prepare liter quantities 
of (o) 1 M solutions, (6) 1 N solutions of each of the following acids: , 


Acid 

Solute 

Am. Molar 

Normal 

Hydrochloric 

HCl 

36.46 

36.46 

Nitric 

HN ()3 

63.02 

63.02 

Sulfuric 

H2SO4 

98.08 

49.04 

Oxalic 

H2C20r2H20 

126.05 

63.02 

Phosphoric 

H3PO4 

98.04 

32.68 


26. A 0.1 AT solution of Na2C03 would contain what weight of pure Na2C03 per 
liter? 

27. What weight of NaOH, 95 per cent pure, would you take to make a liter of 

0.5 N NaOH solution? Am, 21.06. 

v'28. W’^hat volume of water must be added to 30.0 cc. of ^‘concentrated’' HCl 
rt*ag(^nt (sf). gr. 1.19) in order to prepare a diluted reagent containing 10.17 per cent 
of HCl by weight? 

n/ 29. In order to prepare a supply of dilute HCl of sp. gr. 1.120, how much water 
would you add to 150 cc. of the “concentrated" reagent which has a si)ccific gravity 
of 1.190? Am. 100.5 cc. 

30. If you had need of a dilute ammonium hydroxide solution containing 5.30 per 
cent of NH3 by weight, in what projx)rtion would you mix the concentrated reagent 
(28.33 per cemt NH3 by weight) with water? 

31. If you mix 50.00 cc. of HCl of sp. gr. 1.100 with 50.00 cc. of HCl of sp. gr. 
1.170, what will be the percentage of pure HCl in the mixture? Am. 26.94.^ 

32. If you mix 5.00 cc. of H2SO4 containing 20.26 per cent of H2SO4 by weight 
with 10 cc. of H2SO4 containing 48.00 per cent by weight, what will be the percentage 
of pure H2SO4 in the mixture? 

33. If 10.00 cc. of HCl of sp. gr. 1.20 are allowed to react with 10.00 cc. of NH4OH 
of sp. gr. 0.940, will the resulting solution be acidic or ammoniacal? 

Am. Acidic. 

J34. What volume of ammonium hydroxide, 5.30 per cent of NH3 by weight, is 
required to react with 10 cc. of dilute HNO3 (sp. gr. 1.150)? 

^36. What volume of dilute hydrochloric-acid solution (sp. gr. 1.12) is required 
to react with 0.5000 gram of CaCOs? Am. 1.37 cc. 

36. How many cubic centimeters of aqueous ammonia (sp. gr. 0.900, containing 
28.33 per cent of NH3 by weight) are required to precipitate the iron as Fe(OH)3 
in a sample of pure Fe208 weighing 0.5000 gram? 

37. Calculate the Ag-titres (a) of a solution containing 4.859 grams of KCNS per 
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liter, (b) of an AgNOs solution containing 17 grams per liter, (c) of a solution con- 
taining 3.646 grams of HCl per liter. Am. (a) 0.005395; (b) 0.01080; 

(c) 0.01079 

yss, A certain solution of HCl is known to contain 18.23 grams of HCl per liter. 
Calculate (a) the Ag-titre, (h) the NaOH-titre, (c) the Na2C03-titre, (d) the 
Ca(OH)2-titre. 

39. Calculate the molarity and the normality of the following laboratory reagents: 

Am. Molarity Normality 

(a) HCl, sp. gr. 1.12. 7.318 7.318 

(b) NH4OH, sp. gr. 0.978. 3.047 3.047 

(c) H2SO4, sp. gr. 1.185. 3.070 6.140 

40. Calculate (a) the molarity, (6) the normality, (c) the S04-titre of a solution 
made by dissolving 20 grams of IiaCl2'2H20 in wakjr and diluting to a liter. 



Part II 


THE CALCULATIONS OF VOLUMETRIC ANALYSIS 

CHAPTER III 

THE GENERAL CALCULATIONS OF VOLUMETRIC ANALYSIS 

In principle, a volumef ric det-crmination consists of allowing the con- 
stituent being determined to react with an equivalent amount of reagent. 
The process, in practice, is carried out by adding an accurately measured 
volumes of the reagent to the solution containing the constituent until an 
equivalent quantity has been added. The process is called titration. 
There must be provkh^d some means of recognizing when the (Kiuivaleiit 
amount of reagent has been added, and this Is accomplished either by use 
of a third substance called an indicator or else by electrical means. When 
the correct volume of reagent has been measured from a burette, the 
indicator by a sudden color change signifies the end point of the titration; 
or alternatively, as in a potcntiometric titration, when the voltage shows 
a sudden rapid change, an equivalent amount of the reagent will have 
been added. The strength of the titrating reagent must be accurately 
known, and, except in a few cases, its strength is determined in a sepa- 
rate titration or by other means, this procedure being known as standard- 
ization. 

In keeping with these general principles, an accurate method of 
volumetric analysis must conform to the following conditions: 

1. The reaction which is selected as the basis of the determination 
must go practically to completion; that is, final equilibrium must be 
reached at the equivalent point, as indicated by the practical end point, 
when only a negligible amount of constituent remains un transformed. 

2. The reagent used for titration must be stable and its strength must 
be accurately determined by a standardization process. 

3. Accurately calibrated measuring apparatus, especially burettes, 
must be used. 

4. A suitable indicator or other means of recognizing the equivalent 
point (the end point of the titration) must be employed. 

The operations and manipulations of carrying out a volumetric 
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determination, with special reference to the calculations involved, may 
be considered to consist of two general sets of operations, namely : 

I. Preparation and standardization of reagents. 

II. Determination of the constituent in the sample. 

PREPARATION OF STANDARD SOLUTIONS 

In more detail, the individual steps in the preparation and standard- 
ization of the solution (or solutions) assume somewhat the following 
order; 

1. Weighing or measuring the requisite amount of solute, and dissolv- 
ing and diluting it to the proper volume; usually for student use, to one 
liter. 

2. Weighing suitable amounts of a pure substance, known as the 
primary standard by which the solution is to be standardized, in case a 
direct primary standardization is to be made. 

3. Titrating the primary standard with the solution to be standard- 
ized, noting the exact volume of reagent rcxiuired for equival(aicc. 

4. In case a second standardized solution is to be used in the detc'r- 
mination, a comparison by titration is made between this solution and 
the one just standardized. Thereby the relative strength of the second 
reagent is established, and, by simple computation, its exact strength is 
calculated. This is a process of secondary standardization. Frequently, 
where two solutions are to be standardized, the comparison is made, in 
the laboratory, before either of the solutions are standardized against a 
primary standard. 

THE DETERMINATION OF THE CONSTITUENT 

With one or two standard solutions now made available, the steps in 
the determination of the constituent are: 

5. Weighing suitable portions of the sample and properly preparing 
them for the analysis. 

6. Titrating the dissolved samples with the standard reagent (or 
both reagents in case back-titration is necessary). 

Coincident with these manipulative steps are the general, character- 
istic calculations of volumetric analysis, common to practically all 
determinations conducted in this manner. In addition there may be 
certain special computations, which, for the present, will not be con- 
sidered. These general calculations will now be listed, and then de- 
scribed in more detail, in the same sequence as the steps upon which they 
are based. These calculations are: 
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1. Calculating the amount of solute required for the preparation of 
the one or more solutions to be standardized. 

2. Calculating a suitable weight of primary standard. 

за. Calculating the strength of the solution in terms of an appropri- 
ate titre. 

зб. Calculating the strength of the solution in terms of its nor- 
mality. 

4. Calculating the strength of a second solution from comparison 
data. 

5. Calculating a suitable weight of sample for the determination. 

6. Calculating the weight and percemtage of constituent in the 
sample from titration data using (a) the titre method and (6) 
the normality method. 

1. Calculation of the Amount of Solute for the Preparation of 
Solutions. In an entirely original investigation, the resc^arch chemist, 
in searching about for an accurate method of determination, must dis- 
cover a reaction, which, when applied to the reciuirements of the vol- 
umetric technique, must satisfactorily fulfill the conditions specified on a 
previous page. Granting this has been done, the next consideration, in 
bringing the propos('d method into workable form, is deciding upon a 
suit able strength of the titrating reagent, and having done so, calculating 
the weight of solute required for the preparation of an ample volume of 
reagent. What, then, constitutes a suitable strength? In practice, 
normalities from 0.5 to 0.01 are employed, depending upon such factors 
as the probable amount of constituent in the sample, the sensitiveness of 
the indicator and special considerations peculiar to the determination 
being made; in general an approximately 0.1 iV solution is suitable in 
many cases. 

The method of calculation of the amount of solute required for a liter 
quantity of solution of the desired strength depends upon the system of 
designating the strength. As already indicated on pages 21-24 there 
arc in common use the titre and the normality systems. 

If the titrating solution is to be used for but one kind of analysis, the 
titre system is the simplest. In this system, such an amount of solute is 
taken that each cubic centimeter of the solution will bring into reaction 
a specified weight of constituent. The strength of the solution should be 
such that a suitable volume, say between 25 and 40 cc., will be required 
for the titration of the constituent in the sample to be analyzed, and this 
in turn depends upon the amount of constituent in a given weight of 
sample. The chemist here is guided by a qualitative knowledge of the 
approximate purity of the sample and by experience and good judgment. 
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The calculation of the amount of solute resolves itself into a simple, 
stoichiometric proportion, as illustrated in the following example. 

Example 1 . Suppose it is desired to prepare a liter of NaCl of such 
strength that each cubic centimeter will bring into reaction approxi- 
mately 0.005 gram of silver, when used to titrate the silver in a silver 
alloy according to th(i reaction 

AgNOa X NaCl = AgCl + NaNOs 
The amount of NaCl to be contained in 1 cc. is found from the relation 
Ag : NaCl = 0.005 : x 

( 107 . 9 ) ( 58 . 46 ) 

to be 0.0027 gram. Therefore, for a liter, 2.7 grams would be required. 

In the normal system, the amount of solute rec^uired for a given 
quantity of solution of an approximate, specified normality depends upon 
the equivalent weight. A normal solution, as already defined on page 
22, is one which contains a gram-equivalent weight of the solute in a 
liter of solution. The gram-equivakmt weight is the weight in grams 
w^hich will bring into reaction, directly or indirectly, or will correspond 
to, 1.008 grams of hydrogen. The equivalent weight is variously 
derived, d(T)ending upon the nature of the solute or the reaction in which 
the solution is employed. Thus, for acids, the number of equivalents in a 
grarn-rnolecular weight is ecjual to the number of replaceable hydrogens; 
for bases, the number of replaceable hydroxyl ; for precipitating reagents 
the equivalent depends on the valence of the precipitating ion and for 
oxidizing and reducing substances it depends upon the change of valence. 
To prepare liter quantities of 1 solutions, that is, solutions, each of 
which contain a grarn-eciuivalent weight of the solute of these several 
types, the following rules, already discussed in Chapter II, are observed. 

1. For acids and bases, the gram-molecular weight is divided by the 
number of replaceable hydrogens or hydroxyls, so that a liter of solution 
will contain 1.008 grams of replaceable hydrogen or 17.008 grams of 
replaceable hydroxyl or its equivalent. This matter is further dis- 
cussed and illustrated in Chapter V under the calculations of acid- 
imetry and alkalimetry. 

2. For precipitating reagents, the equivalent weight is found from the 
valence of the precipitating ion: hence, divide the gram-molecular 
weight of the solute by the valence of the ion which enters into the precipi- 
tating reaction. Additional discussion of normal solutions of precipitat- 
ing reagents will be found in Chapter IV. 

3. For oxidizing and reducing solutions of normal strength, the 
change of valence determines the equivalent weight. Normal solutions 
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and standard reagents of these types will be considered in detail in 
Chapter VI. 

When the normal system is to be used, and it is in almost universal 
use, the approximate strength, best suited for a specific use, must be 
decided upon and then the proper amount of solute calculated, weighed, 
dissolved and made up to proper volume. Since this important feature 
is characteristic of practically every volumetric determination, detailed 
discussion will be given at appropriate places. Here, the preparation of 
such solutions will be illustrated for but one single simple case. 

Example 2. How much NaOH should be taken for the preparation of 
a liter of approximately 0.3 N NaOH solution? 

The gram-(Hiui valent weight is the gram-molecular weight, namely 
40 grams. Since a 0.3 N solution is requinid, the weight of pure NaOH 

^ 0.3 X 40 = 12 grams 

The NaOH is rarely pure and allowance must be made. If only 90 per 
cent pure, then the total weight is 12 -t- 0.90, or 13.3 grams for a liter of 
solution. 

In the routine analyses in industrial laboratories it is frequently desir- 
able to prepare a large quantity of solution, the strength of which is 
accurately adjusted so that each cubic centimeter of solution will repre- 
s(mt 1 p(ir cent, or a multiple or sub-multiple thereof, of the constituent 
being determined. Discussion of this type of solution will be postponed 
until later. 

2. Calculation of the Weight of Pure Substance Required for 
Standardization. Having prepared a solution of the approximate 
required strength, its exact strength is now determined by a titration 
procedure. The amount of pure substance to be accurately weighed 
out and used in the titration is determined from the following considera- 
tions. It is assumed in the first place for the purpose of calculation that 
the solution to be standardized is of the exact strength desired ; in the 
second place, the standardization is planned so that a volume of solution 
somewhere between 25 cc. and 40 cc. will be employed. 

If, for example, the solution to be standardized is one of NaCl, to be 
used in the determination of silver, and was prepared by dissolving 2.7 
grams of NaCl in a liter of water, each cubic centimeter will contain about 
0.0027 gram of NaCl and will bring into reaction approximately 0.005 
gram of silver. (See Example 1). Therefore, 0.005 gram times the 
volume of solution planned to be used for the standardization will repre- 
sent the weight of pure silver suitable for use. For 30 cc. of solution 
this calls for 0.005 X 30 cc. or about 0.1500 gram of pure silver or its 
equivalent of pure silver nitrate. 
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Example 3, A solution of KCNS was prepared to be used in the 
titration of silver-alloy samples according to the reaction 

KCNS + AgNOs = AgCNS + KNO 3 

and was thought to contain enough KCNS per cubic centimeter to bring 
into reaction approximately 0.0054 gram of silver. How much pure 
AgNOs should be used for the standardization of this solution? 

If the titration is to be completed upon the addition of 35 cc., then 
the weight of silver involved is: 

35 X 0.0054 = 0.1890 gram of Ag 
The weight of AgNOa is then proportional to the weight of Ag: 

Ag : AgNOa = 0.1890 : x 
107.9 : 169.9 = 0.1890 : x 

X = 0.2977 gram of AgNOa 

If the original solution was prepared with reference to the normality 
system the calculation must be made on a normality basis. Suppose; an 
approximat(;ly 0.1 A solution of NaCl has be;en prepared and is now to 
be standardized by allowing the solution to react with pure silver or pure 
AgNOa. The gram-equivalent weight of NaCl is its molecular weight 
in grams, or 58.46 grams. A liter of 0.1 N solution of NaCl therefore 
contains 5.846 grams, or each cubic centimeter contains 0.005846 gram 
and will react with its equivalent of Ag or AgNOa. The equivalent of 
58.46 grams of NaCl is 169.9 grams of AgNOa (the molecular weight of 
AgNOa, in grams). It follows then that each cubic centimeter of 0.1 N 
NaCl will bring into reaction 0.01699 gram of AgNOa. If 30 cc. are to 
be used, a suitable weight of pure AgNOa would be 30 cc. times 0.01699, 
or 0.5097 gram. 

Example 4 . A solution of KCNS was prepared containing approxi- 
mately 4.85 grams of KCNS per liter. This is a 0.05 N solution, since it 
contains 0.05 of 97 grams of the solute. If used for the determination of 
silver, as in the reaction 

KCNS + AgNOa = AgCNS + KNO 3 

what weight of pure AgNOa should be used for its standardization? 

A cubic centimeter of 0.05 N KCNS solution will react with a 
cubic centimeter of 0.05 N AgNOa solution. A liter of 0.05 N solution 
of AgNOa will contain 0.05 of the gram-equivalent weight, that is, 
0.05 X 169.9, or 8.495 grams, and 1 cc. will contain 0.008495 gram. 
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If 35 cc. of KCNS are to be used, there will be brought into reaction: 
35 X 0.008495 = 0.2973 gram of AgNOa 


A suitable weight of primary standard, pure AgNOs, would therefore 
be about 0.3 of a gram. 

3a. Calculation of the Strength of a Solution in Terms of Appropri- 
ate Titres. After the primary standard has been titrated by the solu- 
tion to be standardized we are in possession of the necessary data by 
which the strength of the solution can be calculated. The data are: (1) 
W(nght of pure standard and (2) volume of solution. Dividing the 
wcught of standard by the number of cubic centimeters required for titra- 
tion obviously gives the number of grams of standard brought into reac- 
tion by 1 cc. of the solution. In other words, the strcaigth of the reagent 
is now determined in terms of the substance used to standardize it and 
expressed as grams of standard per cubic centimctcir. If, for example, 
we find that 3().()() cc. of a prepared KCNS solution react with 0.3000 
gram of pure AgNOa, then 


0,3000 gram of AgNOa 
30.00 cc. of KCNS 


0.01000 gram of AgNOa per cubic centimeter 
of KCNS solution. 


This is called the AgNOa-titre or ^^value^' of the KCNS solution. 

If the KCNS solution is intended for use in the voluiiK^tric determina- 
tion of silver, the more practical titre is the Ag-titre, i.e., the weight of 
pure silver brought into reaction by 1 cc. of the reagent. The Ag-titre 
is calculated from the AgNOa-titre by the simple proportion 

Ag : AgNOa = a: : 0.01000 

X 0.01000 = weight of Ag per cubic centimeter 

X 0.01000 = 0.006350 gram (Ag-titre) 

The calculation of titres is of course not limited t/O experimentally 
determined standardization data. Any desired titre for any solution 
can be calculated provided the strength of the solution Is known in terms 
of any other system of units. Moreover, we can shift, at will, from one 
titre to other titres, if the solution is to 1x3 used for a variety of determina- 
tions. This has just been shown in the preceding illustration; another 
example will illustrate further how the shift is made. 

Example 5. Suppose we have standardized a solution of AgNOa, for 
the purpose of a chloride determination, and found its Cl-titre to be 


Ag 

AgNOa 

107.9 

169.9 
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0.002687. We later wish to use the solution for the determination of 
thiocyanates. What is the CNS-titre of the AgNOs solution? 

From the reactions 

AgNOa + Cl- - AgCI + NOa- 

AgNOa + CNS- = AgCNS + NOa" 

it is seen that the relation between Cl” and CNS - is one of direct propor- 
tion 

Cl- 0.002687 
CNS- "■ a: 


where x is the CNS--titre. Solving for x we find it to be 0.004395 gram 
per cubic centimeter. 

3b. Calculation of the Strength of a Solution in Terms of Its Nor- 
mality. A normal solution, by definition, is one which contains the 
gram-equivalent weight of solute in a liter of solution. One cubic centi- 
meter of an exactly 1 N solution would therefore contain ontvthousandth 
of this weight, or in other words the gram-milliequivalent weight. The 
normality of a solution is the ratio of the weight of solute or its equiva- 
lent in any given volume of this solution to the weight of solut(} or its 
equivalent in the same volume of a normal solution. For example, 1 cc. 
of a normal solution of HCl contains 0.03646 gram of HCl ; the normality 
of a solution of HCl which contains 0.003646 gram of HCl per cubic 

,, , , 0.003646 . 

centimeter would then be q 9304^ ' Moreover, if the value of 


this more dilute HCl solution were expressed in its equivalent of NaOH, 
namely that 1 cc. Is equivalent to 0.004000 gram of NaOH, then since a 
normal solution of NaOH contains in 1 cc. 0.04000 gram of NaOH, the 
normality of this HCl solution might just as well be found by the relation 


0.004000 

0.04000 


0.1 N, that is, the solution is 0.1 iV. Or, again, if 1 cc. of the 


hydrochloric acid solution were found to react with 0.005300 gram of 
pure Na2C03 according to the reaction Na2C03 + 2HC1 = 2NaCl+ 
CO2 + H2O, its normality would be calculated by dividing the gram- 
milliequivalent weight of Na2C03, in this case one half of the gram- 
millimolecular weight, that is 0.05300 into 0.005300, and again we arrive 
at 0.1 as the normality of the solution. 

To find the normality of a solution from experimentally determined 
standardization data based on a titration against a known weight of 
primary standard, first divide the weight of standard by the volume of 
reagent required ; this will give the value of 1 cc. in terms of the standard 
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substance. Then divide this quotient by the gram-milliequivalent 
weight of the standard. 

Example 6. Suppose that in standardizing a KCNS solution, by use 
of pure AgNOa, 0.3000 of a gram of pure AgNOa required 30.00 cc. of 
KCNS. What is the normality of the KCNS solution? 


0.3000 gram of AgNOa 
"lo.OO cc. of KCNS 


0.01000 gram of AgNOa per cubic centimeter 
of KCNS solution 


Since, in this reaction, the gram-equivalent weight of AgNOa is 169.9 or 

the gram-milliequivalent weight is 0.1699 we divide ~ 0.05886 

u. JLoyy 

and find thenifore that the solution is 0.05886 N. 

In general, to find the normality of a solution, divide the weight, as 
express(.>d in grams per cubic centimeter of solute or its equivalent, by 
one-thousandth of the gram-equivalent weight, namely, the gram-milli- 
equivalent weight. This will give the ratio of the value of the solution 
to the value of a normal solution. 

4. Calculation of the Strength of a Solution from Secondary Stand- 
ardization Data. Instead of standardizing a solution by titration 
against a weighed amount of primary standard, it is possible to standard- 
ize a solution by titration against a measured volume of a previously 
standardized solution. The process is known as secondary standardiza- 
tion. This is actually done in procedures of analysis which call for two 
standard solutions. The actual comparison titration, in fact, often pre- 
cedes the primary standardization, and the two solutions are thus com- 
pared so that their strength relative to each other is established. To 
show how the calculations are carried out let us consider the following 


case. 


Suppose that, by titration, it is found that 30.00 cc. of a hydrochloric- 

acid solution react with 31.00 cc. of a sodium-hydroxide solution. From 

, . 30.00 cc. of HCl ^ _ _ . . i. , , . 

the ratio, - ^ ^ — = 0.967 it is found that 1 cc. of NaOH is 
31.00 cc. of NaOH 


equivalent to 0.967 cc. of HCl and, conversely, from the ratio — = 

1.033 it is found that 1 cc. of HCl is equivalent to 1.033 cc. of NaOH 
solution. These ratios merely establish the relation between the two 
solutions, but, if the strength of one of them is known, the other can be 
calculated. If, for example, the strength of the hydrochloric-acid solu- 
tion is known, or is later established, in terms of a titre or normality 
value, any desired titre or the normality of the sodium hydroxide can be 
found. Thus, if the Na 2 C 03 -titre of a HCl solution happens to be 
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0.005300, and 1 cc. of HCl =o 1.033 cc. of NaOH, then the corresponding 
Na 2 C() 3 -titre for the NaOH solution Ls obtained by the simple relation, 
0.005300 4- 1.033, or 0.005131. 

Likewise, on a normality basis, if the HCl solution is 0.1 then the 


normality of the NaOH solution is 


0.1 

1.033 


or 0.09681. 


A more direct method of computation, which, moreover, emphasizes 
the equivalency in the normal system, lies in the relation between the 
volumes and normalities of two solutions. This relationship is funda- 
mental and can be stated thus: The volumes of two solutions are inversely 
'proportional to their normalities. For example, 20 cc. of a 0.2 N solution 
are equivalent to 40 cc. of a 0.1 AT solution. Expressed mathematically: 


20 cc. : 40 cc. = 0.1 A : 0.2 N 
or 

20 cc. X 0.2 .AT = 40 cc. X 0.1 N 

Applying this fundamental relationship to the data at hand, we have 
30.00 cc. of HCl X 0.1 AT = 31.00 cc. of NaOH XxN 

in which x is the normality of the NaOH solution, and found to be 
0.09681. 

Example 7. In comparing a KCNS solution with a AgNOs solu- 
tion, it was found that 35.25 cc. of the former reacted with 36.00 cc. of 
the latter. Calculate the normality of the AgNOs solution, the KCNS 
solution having been found to have a normality of 0.05000. 

Here we might find the ratio of the two volumes and by multiplica- 
tion or division of the known normality find the normality of the AgNOs. 
Or, more simply, we might apply the volume-normality relationship : 

Vol. of KCNS X its normality = Vol. of AgNOs X its normality 
35.25 X 0.05000 = 36.00 X AT of AgNOs 
N = 0.04896 

Example 8. Twenty-five cubic centimeters of a 0.5000 N solution 
were diluted with 25 cc. of water. What was the normality of the 
diluted solution? 

By mere inspection, it is seen that doubling the volume reduces the 
normality to one half of its original value. Carrying out the computa- 
tion we have 

7i X ATi - 72 X N2 
25 X 0.5000 - 50 X Ar2 
N2 = 0.2500 
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6. Calculation of the Weight of Sample. In a carefully planned 
procedure, the details should be so arranged that the amount of coiistitu- 
('nt in the sample reacts with a suitable volume of standard solution. 
This is done by adjusting the weight of the sample to the strength of the 
solution so that errors in measurement may be reduced to a minimum. 
Whenever possible, the analysis should be so arranged that the volume 
of standard solution required falls betwe^en the limits of 25 cc. and 40 cc. 
In this way, errors in burette readings are reduced, l)ecause, if, on the 
one hand, a very small volume of solution is used, any errors made in the 
reading of the burette will be magnified in the final result, and, on the 
other hand, if more than 50 cc. are needed, the refilling of the burette 
will nec(‘ssitate tw’o additional readings with the chances of more errors. 

With the volume of solution fixed at some desired amount, say 35 cc., 
that w^eight of sample, then, Ls taken wiiich will involve this anticipated 
volume. The approximate amount of the constituent in the sample 
should V)e known, but, if this information is not available, it Ls assumed 
for this calculation that the sample is pure. To illustrate the calculation, 
suppose that a 0.05 N solution of KCNS is to be used for the determina- 
tion of silver in an alloy, the alloy being almost pure silver. A normal 
solution will involve, per cubic centimeter, the gram-milliequi valent 
weight of silver, namely 0.1079 gram; and a 0.05 N solution will involve 
0.05 of this amount, i.e., 0.05 X 0.1079, or 0.005395 gram of silver. 
Since 35 cc. arc to be used, 35 X 0.005395, or 0.1888 gram, is the w^eight 
of sample to use, on the assumption that the sample is pure silver. If the 
purity is known, approximately, the amount as calculated is divided by 
the supposed purity, in order to ascertain the correct wc'ight of sample. 
In case the purity is not even known approximately and the titration 
results in too small or too large a volume, it is l)est to rep(»at the deter- 
mination. The procedures in laboratory texts usually provide for a 
proper amount of sample. 

6. Calculation of the Amount of Constituent in the Sample. We 

now finally arrive at the most important and crucial computation, the 
final objective of every quantitative analysis, namely, the amount of 
constituent in the sample. The weight of pure constituent, by the 
volumetric technique, is arrived at indirectly from the volume of stand- 
ard solution used. Here, as in the preceding steps, cither the titre or the 
normality system may be used, depending upon whether the strength of 
the solution Ls expressed in titre or in normality. 

(a) Titre Method of Computation. If the strength of the standard 
solution has been calculated in terms of the appropriate titre, namely, 
the value of 1 cc. in terms of the constituent being determined, the cal- 
culation is an extremely simple one; in fact, a simple multiplication of 
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the volume used by the value of 1 cc. Thus, if each cubic centimeter of a 
certain solution reacts with, let us say, 0.005 gram of the constituent and 
30 cc. are employed in the titration, then 30.00 X 0.005, or 0.1500 gram 
of pure constituent, has reacted. The sample therefore contained 0.1500 
gram of constituent. If the sample weighed 0.2000 gram, then the 


proportion of pure constituent to total weight of material is 


0.1500 

0.2000 


or 


0.7500, i.e., 0.7500 of the entire sample was pure constituent. Expressed 
in terms of parts per hundred, that is, in percentage, we have 


0.1500 : 0.2000 = a: : 100 
or 

0.1500 

0 : 2000 ^^^® = 75.00 per cent 

Example 9, A certain KCNS solution was standardized and found 
to have a silver-titre of 0.006350. In mraling a silver-alloy sample, 
32.55 cc. of KCNS solution were used. What was the weight of pure 
silver in the alloy? 

Since each cubic centimeter brought into reaction 0.006350 gram of 
silver, and 32.55 cc. wero required, the relationship 

Titre X Volume = Weight of constituent 
applies simply, 

0.006350 X 32.55 = 0.2067 gram 

(b) Normality Method of Computation, Since the normal system is 
so universally used, it is important that this final step in calculating the 
results of a quantitative analysis be fully understood and mastered, in 
terms of the units of this system. Here a choice of two slightly different 
methods of calculation presents itself: We may either (1) compute the 
value of 1 cc. of the standard solution in terms of the constituent and 
multiply this value by the number of cubic centimete3rs used, or else 
(2) compute what the volume would have been had the solution been 
exactly 1 AT, and then multiply this volume by the appropriate gram- 
milliequivalent weight. Either method, obviously, will give the weight 
of pure constituent which has reacted. 

In method (1) the value of 1 cc. is found by multiplying the normality 
by the gram-milliequivalent weight of the constituent being determined. 
This is evident from the definition of gram-milliequivalent weight, 
namely the value of 1 cc. of a 1 iV solution, so that the value of 1 cc. of a 
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solution, say 0.5 iV, is 0.5 times the value of 1 cc. of a 1 solution; 

Value of 1 cc. = Normality X gram-milliequivalent weight 

The weight of constituent is then 

Volume used X normality X gram-milliequivalent weight 

In method (2) the recalculation of the volume of reagent used involves 
the fundamental relationship, already referred to on page 36, between 
the volumes of solution and their nonnalities. Volumes are inversely 
proportional to their normalities; for example, 30 cc. of a 0.1 AT solution 
are equivalent to 3 cc. of a 1 V solution. If a certain titration involves 
30 cc. of a 0.1 AT solution, then, if the solution had been 1 N, there would 
b(i involved 

30 cc. X 0.1 = a: cc. X 1 AT 

or 3 cc. of solution. If the milliequi valent w(ught of the constituent be- 
ing determined were, let us say, 0.1079, them the weight of the constituent 
would be obtained by multiplying 3 cc. by 0.1079. In general 

Number of cubic centimeters of N solution X 

millkiquivalent weight = weight of constituent 

Exmnple 10. A certain KCNS solution was standardized and found 
to have a normality of exactly 0.05000. In titrating a silver-alloy 
sample, 32.55 cc. of the KCNS solution were used. What was the 
weight of pure silvc^r in the alloy? 

The milliequi valent weight of silver is 0.1079. Therefore the value 
of each cubic centimeter of solution employed is 0.05 of 0.1079, 

0.05 X 0.1079 = 0.005394 

or, in terms of a formula: 

Normality X gram-milliequivalent weight = value of 1 cc. 

Since 32.55 cc. were employed, the total weight of silver is 
32.55 X 0.005394 = 0.1756 gram 
Alternatively, by method (2) 

32.55 cc. X 0.05 N = 1.6275 cc. of a 1 A solution 

Therefore 

1.6275 X 0.1079 - 0.1756 gram 
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PROBLEM SET 3 


Equivalents, Nokmalities, Tithes 


41 . Calculate the gram-equivalent weight of the following substances: 


(a) HCl 
(h) NazCOa 
((•) II 2 SO 4 
(d) NH 4 OII 
(c) H 3 PO 4 


A 71 S. (a) 36.46 grams. 

(b) 53.00 grams, 
(r) 40.04 grams. 
((/) 35.05 grams. 
(e) 32.68 grams. 


42 . Calculate the gram-e(]ui valent weight of the following precipitating reagents: 

(a) AgNOa 
(h) KCNS 

(c) NaCl 

(d) K2Cr04 

(e) BaCl 2 -21120 


43 . 


What are the gram-millic(iuivalent weights of the following 

(a) NaOTI Am. (a) 

(h) H 2 SO 4 ( 6 ) 

(c) Na 2 C 03 (r) 

(d) KCNS (d) 

(e) NaPICOa (e) 


substances: 

0.04000 gram. 
0.04904 gram. 
0.05300 gram. 
0.09717 gram. 
0.08400 gram. 


44. Calculate the titres called for below for a solution containing 3.646 grams of 
HCl per hter. 

(a) HCl-titre 

(b) Na 2 C 03 -titre 

(c) Cl-titre 

(d) Ag-titre 

(c) NaOH-titre 


45 . "What are the normalities of the following solutions which contain the specified 
weight of solute per liter of solution? 


(а) HCl containing 4.8152 grams 

( б ) NaOH containing 4.6150 grams 
(r) H 2 SO 4 containing 4.7865 grams 
(d) AgNOa containing 8.5000 grams 
(c) NaCl containing 5.8267 grams 


HCl. 

Am. 0.1321 N. 

NaOH. 

0.1154 N. 

H 2 SO 4 . 

0.0976 N. 

AgNOg. 

0.05003 N. 

NaCl. 

0.0997 N. 


46 . Suppose it is desired to prepare a AgNOa, a KCNS and a NaCl solution, each 
having a Ag-titre of 0.01079. What weight of solute should be used in each case for 
a liter of solution? 


47 . Calculate the normalities of the following solutions having the specified titres. 

(a) HCl having a HCl-titre of 0.003578. Ana. (a) 0.0981 N. 

(b) NaOH having a NaOH-titre of 0.003982. (b) 0.0996 N. 

(c) H 2 SO 4 having a NaOH-titre of 0.003982. (c) 0.0996 N. 

(d) Na 2 C 03 having a HCl-titre of 0.003578. (d) 0.0981 N. 
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48, The following solutions, each having a normality of 0.2685, have what titres 
with respect to the solute? (That is, for example what is the HCl-titre of the HCl 
solution?) 

(а) AgNOs 

(h) NaaCOa 

(c) H2SO4 

(d) NaHaPOd 

(c) Ca(01I)2 

49. Suppose your desk reagent of hydrochloric acid has a specific gravity of 1.12 
and contains 23.82 i)er c(;nt of HCl by weight. How much pure HCl docs each cubic 
C(?ntimetor contain, i.e., what is its HCl-titre? How much AgCl will a cubic centi- 
meter of this solution precipitate? In other words, what is its AgCl-titrc? 

Ans. (a) 0.2674 gram of HCl per cc. 

(6) 1 .0489 gram of AgCl per cc. 

60. If you have a desk reagent of NH40n of sp. gr. of 0.95, containing 12.74 per 
cent of NH3, what is its HCl-titre? What is its Fc(OH)3-titre? 

61. If you desired to prepare 0.3 N solutions of the reagents listed below, what 
voluDK^s of the c,on<?(intrat(!d reagents would you dilute for liter quantities of the 
required strength? 

(n) HCl, sp. gr. 1.19; 37.23 per cent HCl by weight. 

(б) H2‘S04, sp. gr. 1.84; 95.60 per cent H2SO4 by weight. 

(c) NH4OH, .sp. gr. 0.90; 28.33 per cent NH3 by weight. 

Ans. {a) 24.69 cc. of HCl. 

(6) 8.36 cc. of 112804. 

(c) 41.26 cc. of Nn40H. 

62. A certain KCNS solution was titrated against 0.2567 gram of pure AgNOs, 
requiring 34.75 cc. Calculate the normality of the solution. 

63. A certain solution was titrated against 0.2567 gram of pure AgNOs, requiring 

34.75 cc. Calculate (a) the AgNOs-titre, (b) the HCl-titre, (c) the KCNS-titre, 
(d) the NaOH-titre of the solution. Ans. (a) 0.007387 gram of AgNOs. 

(5) 0.001585 gram of HCl. 

(c) 0.004225 gram of KCNS. 

(d) 0.001739 gram of NaOH. 

64. How many cubic centimeters of 0,1 W NaOH solution will be required to 
neutralize 30 cc. of 0.1 iV HCl solution? For 30 cc. of 0.5 N HCl? For 30 cc. of 
0.5 N FI2SO4? 

66. How many cubic centimeters of a 0.05000 iV solution of KCNS will be 
required to react with 30.00 cc. of a 0.5267 N solution of AgNOs? 

Ans. 316.02 cc. of KCNS. 

66 . If you add 25 cc. of water to 20 cc. of 0.1 iV” HCl, what is the normality of 
the resulting solution? 

67. If you find by experiment that 27.65 cc. of a 0.1687 AT solution of HCl react 
with 28.50 cc. of a NaOH solution, what is the normality of the latter solution? , 

Ans. 0.1637 AT. 
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68. By titration it was found that 33.65 cc. of a HCl solution neutralized 32.00 cc. 
of a NaOH solution. What is the value of 1 cc. of the NaOH in terms of HCI? If 
the HCl has a Na 2 C 03 -titre of 0.002G78, what is the NaaCOs titre of the NaOH? 

69 . What volume of a 1 N solution of any solution will correspond to 25 cc. of 

a 0.1 solution? What volume of a 1 solution will 15.G5 cc. of a 0.8562 A solu- 
tion equal? Am. (a) 2.5 cc. 

(b) 13.40 cc. 

60. The Kram-milliequi valent weight of NaOH is 0.0400. If a reagent has a 
normality of 0.1682, what is th<^ value of 1 cc. of tlui reagent in terms of NaOH? 
Distinguish, in meaning, between titre and gram-millicrqiii valent w(;ight as illuslrabid 
by this problem. 



CHAPTER IV 


CALCULATIONS OF VOLUMETRIC PRECIPITATION ANALYSIS 

In order to show how the gcnieral calculations of volumetric analysis 
apply to the methods of volumetric precipitation and to consolidate the 
several steps into a cornplct^e s(it, it s(j(uns bevst to select a specific analysis. 
For the purpose of illustration the data obtained in the determination of 
chlorides by the nn^thod of Mohr will be tak(m as furnishing a typical 
example. In this method, the sample of chloride Is titrated with stand- 
ard AgNOs solution, according to the redaction 

AgNOa + NaCl = AgCl + NaNOa 

using K 2 Cr 04 as the indicator. An approximately 0.1 solution of 
AgNOa is found suitable and the details arc managed in such a way that 
a convenient volume of reagent is employed, both for the standardiza- 
tion and the final determination. In the discussion which follows the 
steps will be given in th(^ form of illustrative problems. 

Example L How much AgNOa should be taken for the preparation 
of a liter of approximately 0.1 A AgNOa solution? 

Since the valence of the precipitation ion, Ag+, is 1, the gram-equiva- 
lent weight is the molecular weight of AgNOa in grams. This is 169.9. 
A liter of 0.1 A AgNOa therefore calls for 16.99 grams, or approximately 
17 grams. 

Example 2, What weight of pure NaCl should be used to standardize 
a solution of AgNOa, thought to be about 0.1 A? 

Assume the solution to be 0,1 A and that it is desired to complete the 
titration with 35 cc. of solution. We can here, by definite proportion, 
calculate the weight of NaCl required to react with 35 cc. of 0.1 A AgNOa 
solution. But the more logical method Is to take 0.1 of the gram- 

milliequivalent weight of NaCl, namely X 0.1, or 0.005846, and 

lUUO 

multiply this by 35. 

58.46 

— — X 0.1 X 35 = 0.205 gram 


43 
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A weight of NaCI of about two-tenths of a gram, accurately weighed to 
one-tenth of a milligram, will be suitable for this standardization. 

Example 8. If, in the standardization of a AgNOs solution, 0.2167 
gram of pure NaCl required 34.12 cc. of the solution, what is (a) the 
NaCl-titre and (6) the Cl-titre of the solution? 

Since 0.2167 gram of NaCl reacted with 34.12 cc. of the AgNOs 
solution, 1 cc. brought into reaction 0.2167 34.12, or 0.006351 gram 

of NaCl. This, by definition, is the NaCl-titre of the AgNOa solu- 
tion. The Cl-titre is then found, by direct proportion, or by use of the 
Cl 

chemical factor, rr— . The steps can be combined into the single 
NaCl 


equation: 


21.67 X 


^.46 

58.46 


34.12 


= 0.003852 


The value, 0.003852, is the Cl-titre of the AgNOa solution and is the 
weight, in grams, of chloride ion (or radical) represented by 1 cc. of the 
now standardized solution of silver nitrate. 

Example 4- If in standardizing the silver-nitrate solution, 34.12 cc. 
of the solution were found to react with 0.2167 gram of NaCl, what is the 
normality of the solution? 

Since 34.12 cc. of AgNOa reacted with 0.2167 gram of NaCl, 1 cc. 
reacted with 0.2167 -4- 34.12, or 0.006531 gram of NaCl. This means 
that the AgNOa solution is equivalent to a NaCl solution which contains 
0.006531 gram of NaCl per cubic centimeter. A normal solution of 
NaCl contains 58.46 grams per liter, or 0.05846 gram (the gram-milli- 
equivalent weight) of NaCl per cubic centimeter. The normality of the 
solution under consideration is therefore 0.006531 0.05846, or 0.1086. 

Combining these steps, we have: 


0.2167 

34.12 X 0.05846 


= 0 . 108 &N 


Example 5. What would be a suitable weight of sample to use, 
assuming the sample to be 40 per cent pure NaCl, the standard solution 
having a Cl-titre of 0.003852. 

Let us anticipate the use of 35 cc. of the standard solution, each cubic 
centimeter of which will react with 0.003852 gram of chloride. This Cl- 
titre corresponds to a NaCl-titre of 0.006351 (see Problem 3). Then 
0.006351 X 35 cc., or 0.2223 gram, is the weight of pure NaCl in the 
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impure sample. The purity is thought to be 40 per cent; therefore 
0.2223 0.40, or 0.5558 gram. 

58.46 

35 cc. X X 0.003852 

»j0.4u 

— = 0.5558 gram 


Example 6. What weight of an impure NaCl sample should be 
taken for analysis, if the AgNOs solution used for titration has a normal- 
ity of 0.1086 and the sample Ls believed to be about 40 per cent pure 
NaCl? 

Suppose it is planned to u.se about 35 cc. of the standard solution. 
Tluiii the volume X its normality X the gram-milliequivalent weight 
will give the weight of pure NaCl. 

35 X 0.1086 X 0.05846 = weight of pure NaCl 
Shice the sample is only about 40 per cent pun;, w'c have 


35 X 0.1086 X 0.05846 
(MO 


0.5558 gram 


Example 7. If in the titration of a 0.5000-gram .sample of impure 
NaCl, 38.65 cc. of AgNOa were employed, the Cl-titre of the solution 
being 0.003852, wliat is the percentage of chloride in the sample? 

The total weight of chloride in the sample is obviously 38.65 X 
0.003852, or 0.1489 gram. Since the total weight of sample was 0.5000, 
0 1489 

the ratio is , or 0.2978. The percentage is therefore 29.78. 

0.5000 


38.65 cc. X 0.003852 
0.5000 


X 100 = 29.78 per cent 


Example 8. If in the titration of a 0.5000-gram sample of impure 
NaCl, 38.65 cc. of a 0.1086 N solution of AgNOs were used, what is the 
percentage of chloride in the sample? 

The normality is 0.1086 and the gram-milliequivalent weight of Cl is 
0.03546. The product of the.se two factors is therefore the pure Cl 
precipitated by 1 cc. of the solution. The total Cl, therefore, is this 
quantity multiplied by the volume used. We have then 


35.65 X 0.1086 X 0.03546 


X 100 = 29.78 per cent 


0.5000 
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EQUILIBRIA CALCULATIONS IN VOLUMETRIC 
PRECIPITATION METHODS 

Reactions in aqueous solutions never run absolutely to completion, 
an ionic equilibrium always being established. Application of the L.aw 
of Chemical Equilibrium enables one to calculate, under given condi- 
tions, the ionic and molar concentrations of the components in a reac- 
tion. In the case of precipitation redactions, the Solubility Product 
Principle, one of the applications of the Ijaw of Chemical Pleiuilibrium, 
has to deal specifically with the concentratiem of ions which exist in a 
solution in which a precipitate has formed. ^Fhe principle states that 
when equilibrium is reached in a precipitatie)u redaction, thed product of the 
concentrations of the ie)ns (each concentration raised to a power corre- 
sponding to the cexdfficient of that particular ion as it appedars in the 
balanced equation) is equal to a constant calleel the se)lubilit.y proeluct 
constant. For a simple case, such as the formation of AgCl, the expres- 
sion takes the form 

Car'*' X Cci" ~ As.p. of AgCl 

in which Car+ and Cci“ arc the concentratiems (gram-ion quantities in a 
liter) in equilibrium with solid AgCl, and A^p. is the cemstant which, by 
experiment, has been found to be 1.1 X 

In a solution containing CA~~ ions, AgCd cannot form until such a quan- 
tity of Ag+ ions has bcden added that tiud product of the concentrations 
of these two ions, when referred to a liter of solution, (dxceeds the value 
1.1 X 10 Equilibrium is then first reached. This aspect of the 
principle, namely the apjxdarancc of a precipitate, is of considerable 
interest in the study of the theory of qualitative analysis, for it enables us 
to identify the presence of ions. 

But, as more and more AgNOa is added, increasing amounts of AgCl 
are formed and the concentration of Cl” ion steadily l)ecomcs smaller. 
We may ask: Is complete prcdcipitation possible? The solubility prod- 
uct principle gives the answer definitely in the negative: No matter how 
much AgNOa precipitating agent is added, there will always remain 
some Cl” ion, however small the concentration may eventually be. From 
a quantitative standpoint, then, a precipitation analysis is not absolutely 
perfect, and, for practical purposes, only those reactions can be used in 
which the amount of constituent remaining unprecipitated is so small 
that it cannot be measured by analytical methods. 

In a volumetric precipitation analysis, an equivalent amount of 
standard precipitating reagent is added, at which point the titration is 
stopped; whereas, in a gravimetric precipitation process, an excess of 
reagent over the equivalent amount is purposely employed. The con- 
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centration of ions remaining unprecipitated, at the equivalent point, can 
readily be calculated from the solubility product equation; for, when an 
equivalent amount of reagent has Ixjen added, the ions, in equilibrium, 
aw present in equivalent amounts, in contact with the precipitated 
compound. In the case of AgCl: 

X Cci- = 1.1 X lo-io 

The equivalent quantiti(is of Ag^ ion and Cl"' ion are obtained by taking 
the square root of the A\p. of AgCl, i.e., Vl.l X 10"*^, or approximately 
1 X 10^ gram-ion per liter each of Ag+ and of Cl“. This means that if 
one is dcitermining chloride with standard AgNOs, and conducts the 
titration so that the total final volume is 1000 cc., there will remain 
] X 10”^ gram-ion of chloride uiiprecipitated. The gram quantity of 
chloride remaining in solution would be 0.00001 X 35.46, or approxi- 
mately 0.00035 gram. This is a loss of more than 0.3 of a milligram. 
In a practical titration, the total final volume is usually limited to about 
100 cc. so that, in this case, the loss of chloride due to incomplete precipi- 
tation would be 0.00003, an amount well beyond the experimental limit. 

No matter how much AgCl is present as precipitate, the amount of 
Ag-’" ion and of Cl“ ion will alw^ays be the same, namely 0.00001 gram- 
ion of each, per liter of solution. This measures the theoretical cirror of 
the determination, that is, the error inherent in the reaction itself. The 
percentage error will of course depend upon the amount of AgCl precipi- 
tated. 

PROBLEM SET 4 

Calculations of Volumetric Precipitation Analysis 

61. A sohition of AgNOa is known to contain 21.857 grams of AgNOs per liter. 

Calculate (a) the Cl-titre; (b) the Br-titre; (c) the KCN-titrc; (d) the CNS-titre 
of this solution. Ans. (a) 0.0045621; (6) 0.01028; (c) 0.008377; 

(d) 0.007471. 

62. Calculate (a) the Cl-titre; (b) the Br-titre; (c) the KCN-titre; (d) the 
KCNS-titre of a 0.1286 N solution of AgNOs. 

63. What weight of pure, dry AgNOs should be taken for the standardization of 

an approximately 0.08000 N solution of KCNS, if not more than 40 cc. of the solution 
are to be used? _i A ns. 0.5436 gram. 

64. If in a primary standardization of a NaCl solution 35.28 cc. of the NaCl 
react with 0.3452 gram of pure AgNOa, what is the Ag-titre and the normality of the 
NaCl solution? 

66. Tf 32.75 cc. of a KCNS solution, the normality of which is 0.04782, react 
with 34.62 cc. of an AgNOa solution, what is the normality of the latter solution? 

Ans. 0.04523 AT. 
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66. A sample of common table salt was titrated with standard AgNOs solution, 
requiring 42.G0 cc. of the solution, whose normality was 0.1()(>7. The weight of 
sample was 0.2733 gram. Calculate the percentage purity of the NaCl. 

67 . What weight of KCNS will be required to react with 0.2576 gram of AgNOa? 
If this weight of KCNS is contained in 35.00 <xi. of solut ion, what is the valuer of 1 cc. 
of the KCNS solution (a) in terms of KCNS (the KCNS-titnO; (5) in terms of 
AgNOa (the AgNOa-titre); (r) in terms of Ag (the Ag-titre)? 

Ans. 0.1473 gram; (a) 0.001209; (5) 0.007360; (c) 0.004674. 

68. A sample of silver was titrated, using 20.50 cc. of a 0.1273 N solution of NaCl 
and 1.65 cc. of a 0.01 (X)0 A solution of NaCl. C:ilculate the weight of silver in the 
sample. 

69. If, in the analysis of a sample of silver alloy by titration with KCNS, it was 
found that 35.65 cc. of the standard solution, each cubic centimeter of wliicdi w;is 
equivalent to 0.005 gram of Ag, were required to redact with the silver in 0.23S() 
gram of the sample, what is the percentage of silver in the sarnph;? 

A71S. 74.73 per cent. 

70 . A sample of soluble chloride was titrated by a solution of AgNOa containing 
8.4045 grams of th(^ solute in 500 cc. The volumes retjuinnl for the titration was 
28.75 cc. Calculate the weight of chloride precipitated using (a) the Cl-titrc; 
(6) the normahty of the standard solution. 

71 . According to the reaction 

2K4Fe(CN)6 -h 3ZnCl2 = K2Zn3[Fe(CN)6]2 + 6KC1 

used in the volumetric determination of zinc, calculate the weight of K 4 Fe(CN)r, 
required for the preparation of a liter of 0.1 N solution. Ans. 12.276 grams. 

72 . It is desirable that the volumes of 0.05 solution of NaCl (Ag-titre — 
0.005395) used for titrating samples of silver alloy should range btitwoen 25 cc. and 
50 cc. What weights of alloy should be taken for analysis if the sami)l(^s are thought 
to contain approximately (a) 1 per cent; (h) 10 per cent; (c) 40 per cent; (d) 60 per 
cent; (e) 95 per cent, of silver? 

73 . What percentage error is involved in the determination of a sample of 
chloride if, after titration with AgNOa, the final total volume is 150 cc.? TIkj AVp. 
of AgCl is 1 X 10~^°, and the sample is known to contain 0.1267 gram of chloride. 

Ans. 0.042 per cent. 

J(^4. If after titrating the silver in a sample of alloy with KCNS solution, the final 
volume of titrated solution is 200 cc., what gram weight of silver remains unprecipi- 
tated? The K8.p. of AgCNS is 7.1 X 10“^®. If the percentage of silver in the alloy 
is 90.00, what error is involved in this loss? 

76 . Four samples of silver alloy, containing, respectively, 25.00, 50.00, 75.00 
and 100 per cent of silver, are given to four students for analysis. They report 
percentages of silver as follows: 24.95, 49.95, 74.95 and 99.95. Calculate (a) the 
error in percentage; (b) the deviation in parts per thousand from the correct result; 
(c) the percentage error. Ans. (a) 0.05 0.05 0.05 0.05. 

(6) 2 1 0.67 0.5. 

(c) 0.2 0.1 0.067 0.05. 
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76 . The nickel content of ores and salts may be determined by titrating the 
ammoniacal sample with standard KCN solution, the first reaction taking place 
being the precipitation of nickel cyanide. 

Ni(NIl3)4+'^Cl2 + 2KCN = Ni(CN)2 + 4NH3 + 2KC1 
The Ni(CN)2 dissolves in an excess of KCN forming a nickel-cyanide complex ion: 
Ni(CN)2 4- 2KCN = K2+Ni(CN)r 

What is the gram-equivalent weight of KCN for this set of reactions? 

77 . How rnniiy grams of K2Cr04 must be tiiken to make a liter of 0.1 N solution 

to be used for the j)recipitation of lead as PbCr04? What is the Pb-titre of a 0.5213 N 
solution of K2Cr04? Ans. 9.711 grams; 0.05401. 

78 . Soluble cyanides can be determined by volumetric precipitation with standard 
silver nitrate, tlui (aid point being recognized by the precipitation of AgCN. The 
reactions involved arc: 

2KCN -f- AgNOa - KAg(CN)2 + KNO3 

KAg(CN)2 -h AgNOa = 2AgCN -f KNO3 

If, in such an analysis, a given weight of sample required 30.00 cc. AgNOs solution 
whose Ag-titre was 0.0050, what wxaght of KCN was present? 

79 . A 0.0324-gram sample of material containing iodides was analyzed for its 
iodide content by treating a solution of the sample with 50.00 cc. of 0.1 A" AgNOa, 
filtering off the jirecipitatod Agl, and titrating the exc(iss AgNOa with 20.00 cc. of 
0.05 N KCNS. Calculate the percentage of iodide present. 

Ans, 80.28 per cent. 

80 . A student weighs 2.5000 grams of a sample of a chloride, dilutes to 500 cc., 

and uses a portion of this solution for a chloride determination. The siimple was 

found to contain 25.00 per cent of chloride. What was the gram-ion concentration 
of chloride? 



CHAPTER V 


THE CALCULATIONS OF NEUTRALIZATION ANALYSIS 

Neutralization reactions arc utilized in volumetric analysis to 
determine the neutralizing ability of acids and bases and of salts which 
have acidic or basic properties. The available acidity or basicity of 
such compounds is determined by titration with standardized solutions 
of bases and acids. As with volumetric precipitation procedures, the 
same general requirements and conditions must here be met, namely (1 ) 
the reaction must be substantially complete, (2) the standard solutions 
employed must be stable and (3) the equivalence point must be capable 
of being recognized by a chemical indicator or by electrical means. With 
respect to the recognition of the end point, enther organic dye-stuff 
indicators are used which show a sudden color change at the equivalence 
point or, alternatively, the titration may be conducted potentiomet- 
rically, by which technique the end point can also b(^ found. The stand- 
ard solutions are usually hydrochloric acid and sodium hydroxide, of a 
strength ranging between 0.5 N and 0.1 N, 

Fot the purpose of study and discussion the calculations of neutraliza- 
tion procedures will be taken up in the following order. 

A. The use of st.andard solutions of acids and bases (Problem Set 5). 

B. The theory of neutralization titrations; equilibrium and indicator 
theory (Problem Set 6). 

C. The adjustment of solutions; mixed alkali titrations; additional 
applications (Problem Set 7). 

A THE USE OF STANDARD SOLUTIONS OF ACIDS AND BASES 

The operations and the calculations incident to the procedures of 
volumetric analysis have already been discussed and illustrated in a 
general way, as well as specifically applied to a typical volumetric precipi- 
tation procedure. Illustrative problems will now be presented to show 
how such calculations are involved in a typical neutralization procedure. 
For this purpose the determination of the available alkalinity of soda 
ash (impure (Na 2 C 03 ) has been selected. The procedure, in brief, 
involves the preparation, comparison and standardization of solutions of 

50 
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HCl and NaOH, and by use of thoKse two solutions a suitable weight of 
the soda ash sample is titrated. The illustrative problems are arranged 
in the following sequence of cxampkjs. 

In Example 1 the preparation of an approximately 0.1 N solution of 
HCl is shown. Example 2 illustrates the preparation of a solution of 
NaOH of approximately the same strength. Comparison data are pre- 
sented in l^xample 3. Data for the standardization of the HCl solution 
are involved in J^^xamples 4, 5 and 6. Using the data of Example 3 and 
the strength of the IlCl wo make the calculation of the strength of the 
NaOH, as illustrated l)y h]xamples 7 and 8. A weight of a soda-ash 
sample suitable for analysis is calculated, according to Example 9. Cal- 
culation of the ptircontage of Na^COa in a sample of soda ash made 
according to the titre method is presented in Example 10, and in Example 
11 the calculation of the percentage is based on the normality. 

Example U What volume of concentrated hydrochloric acid solu- 
tion, spc'cific gravity 1.19, containing 37.23 per cent of pure hydrogen 
chlorides should be used for the preparation of a liter of approximately 
0.1 N HCl solution? 

A normal solution of any acid contains the gram-equivalent weight 
of replaceable hydrogen, namely 1.008 grams pc^r liter. F or a monobasic 
acid, such as HCl, this quantity Is furnished by a gram-molccular weight 
of the solute. A 0.1 N solution of HCl must therefore contain one- 
tenth of the molecular weight, or 3.646 grams of solute. The source of 
this as given in the above example, Is concentrated hydrochloric acid of 
specific gravity 1.19, which, from the specific-gravity table in the 
Appendix, corresponds to 37.23 per cent of pure hydrogen chloride. 
The volume of this reagent required can now be readily calculated. 

X cc. X 1.19 X 0.3723 == 3.646 grams of pure solute 


Therefore 

^ = 8.23 cc. of concentrated HCl required for 

X.19 X 0.3723 aliterof0.1JVHa»lution 

Example 2. What weight of NaOH, 90 per cent pure, should be dis- 
solved and diluted to a liter for the preparation of a 0.1 AT solution? 

A normal solution of a base should contain 17.008 grams of replace- 
able hydroxyl per liter. For NaOH this calls for 40.008 grams of the 
pure solute, and for a 0.1 iV solution approximately 4 grams. Since the 
reagent is about 90 per cent pure, th^ weight required is 

4.00 4- 0.90 = 4.44 grams 
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Example 3, In comparing the strength of an approximately 0.1 iV 
HCl solution with that of a NaOH solution, tluj following data, for three 
titrations, were obtained : 

(a) 30.25 cc. of HCl required 28.03 cc. of NaOH. 

(b) 37.60 cc. of HCl required 34.79 cc. of NaOH. 

(c) 42.55 cc. of HCl required 39.42 cc. of NaOH. 

Calculate the volume of HCl equivalent to 1 cc. of NaOH and, con- 
versely, the volume of NaOH equivalent to 1 cc. of HCl. 

Since in (a) 30.25 cc. of HCl 28.03 cc. of NaOH we have 
for (a) 

28 03 

1 cc. of HCl = — — = 0.927 cc. of NaOH 
30.25 

for (6) 

34 79 

1 cc. of HCl = ™ = 0.925 cc. of NaOH 

and for (c) 

1 cc. of HCl = = 0.926 cc. of NaOH 

42.55 

Average 1 cc. of HCl =c= 0.926 cc. of NaOH. 

Likewise, since in (a) 28.03 cc. of NaOH 30.25 cc. of HCl 
for (a) 

. r 30.25 

1 c». of NaOH - ^ - 

for (b) 

1 cc. of NaOH = = 

34.79 

for (c) 

1 cc. of NaOH = = 

39.42 

Average 

1 cc. of NaOH o 1.080 cc. 

Example 4 . How much pure NaaCOs should be used for the stand- 
ardization of the HCl solution prepared in Example 1, namely, an 
approximately 0.1 JV solution? 

Here, for the purpose of calculation, let us assume the HCl solution 
to be 0. 1 N and anticipate using a volume of 35 cc. From the reaction : 


1.079 cc. of HCl 

1.081 cc. of HCl 

1.079 cc. of HCl 
of HCl 


Na 2 C 03 + 2HC1 = CO 2 -|- H 2 O -b 2NaCl 
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it is seen that the gram-equivalent weight of Na2C03 is one half of the 
gram-molecular weight since two e(iuivalents of HCl are needed for 
neutralization. Since the mol<?cular weight of Na2C03 is 106, the 
milliequivalent weight is therefore 0.053. Therefore 1 cc. of 0.1 N HCl 
will bring into reaction 0.0053 gram of Na2C03 and, therefore, 

0.1 X 0.053 X 35 = 0.1855 gram of Na2C03 

Example 5. In standardizing an approximately 0.1 AT solution of 
HCl against pure Na^COs, the following data were secured: 



Weight Na 2 C 03 

cc. IICl 

cc. NaOH 

(a) 

0.2152 

37.82 

2.64 

(6) 

0.2105 

37.67 

3.26 

(c) 

0.2094 

36.16 

1.92 


Calculate the strength of the HCl solution, in terms of the Na2C03-titre. 

The net volume of HCl used for the neutralization of the Na2C03 
must first be found. Since 1 cc. of NaOH is ecpiivalent to 1.080 cc. of 
HCl, according to the data of Example 3, the net volumes of HCl, for 
the three titrations, arc 

(a) 37.82 - (2.64 X 1.080) = 34.97 cc. 

(5) 37.67 - (3.26 X 1.080) = 34.15 cc. 

(c) 36.16 - (1.92 X 1.080) = 34.09 cc. 

Then, since the Na2C03-titrc is defined as the weight of Na2C03 

neutralized by 1 cc. of HCl, we have, 


0.2152 gram 


0.006154 gram per cubic centimeter 


(&) 


0.2105 gram 
34.15 cc. 


0.006164 gram per cubic centimeter 


(c) 


0.2094 gram 
34.09 cc. 


0.006143 gram per cubic centimeter 


The average Na2C03-titre of the HCl solution is therefore the mean of 
these three values, namely 0.006154 gram. 

Example 6, Calculate the normality of an approximately 0.1 iV’ so- 
lution of HCl, using the data given in Example 5. 

In Example 5, the average weight of Na2C03 neutralized by 1 cc, of 
the HCl solution has been found to be 0.006154 gram. The problem then 
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resolves itself into finding the normality of a Na2C03 solution, each 
cubic centimeter of which contains 0.006154 gram of Na2C03. Since an 
exactly normal solution of Na2C03 contains in a liter 53.00 grams, or 1 cc. 
contains the gram-milliequivalent weight, that is, 0.05300 gram, the 

normality is ~ , or 0.11611. That is, the solution is 0.11611 N. 
0.05300 


Example 7. Using the data of Examples 3 and 5, calculate the 
strength of the NaOH solution in terms of its Na2C03-titre. This 
problem might be expressed thus: Find the strength of a NaOH solu- 
tion, in terms of its Na2C03-titre, 1 cc. of which is equivalent to 1.080 cc. 
of an HCl solution, whose Na2C03-titre is 0.006154. 

The comparison data of Example 3 show that 1 cc. of NaOH is 
equivalent to 1.0080 cc. of HCl and each cubic centimeter of the HCl 
solution, according to the calculation of Example 5, reacted with 0.006154 
gram of Na2C03. Hence, Na2C03-titre of the NaOH solution is 1.080 
X 0.006154, or 0.006646 gram. 


Example 8. Using the data of Examples 3 and 7, calculate the 
normality of the NaOH solution. In other words, find the normality 
of a NaOH solution, 1 cc. of which is equivalent to 1.08 cc. of a 0.1161 N 
solution of HCl. 

The Na2C03-titre of the NaOH has been calculated, in Example 7, 
based on the data of Examples 3 and 5, and found to be 0.006646 gram of 
Na2C03 per cubic centimeter of NaOH. The normality of the NaOH 
solution is therefore 


0.006646 

0.0530 


= 0.1254 


Example 9. What weights of soda ash would be required for analysis, 
assuming a 90 per cent sample, if the net volume of HCl is to fall between 
the limits of 25 cc. and 40 cc., and the Na2C03-titre of the HCl is 
0.006154? 

Since each unit volume will bring into reaction 0.006154 gram of 
Na2C03, as a minimum weight we would have 


25 cc. X 0.006154 
0.90 


0.1710 gram 


and, as a maximum, using 40 cc., the weight would be 


40 cc. X 0.006154 


0.2736 gram 


0.90 
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Example 10, Calculate the total alkalinity, in terms of percentage of 
Na2C03, of a sample of soda ash based on the following data, using the 
titre method of calculation. The strength of the HCl Is expressed as 
0.00G154 gram of Na2COa, and 1 cc. of NaOH = 1.080 cc. of HCl. 



Weight Sample 

Voi. nci 

Vol. NaOH 

(a) 

0.2135 gram 

32.62 cc. 

1.42 cc. 

(6) 

0.22 1(S gram 

35.25 cc. 

2.75 cc. 

(c) 

0.2208 gram 

34.80 cc. 

2.48 cc. 


The net volumes of llCl uscjd arc 


(o) 32.62 - (1.42 X 1.080) = 31.09 cc. 

(6) 35.25 - (2.75 X 1.080) = 32.28 cc. 

(c) 34.86 - (2.48 X 1.080) = 32.18 cc. 

The percentages of Na2C03 are then 


(a) 


31.09 X 0.006154 
0.2i35 


X 100 = 89.60 


(&) 


32.28 X 0.006154 
0.2218 


X 100 = 89.56 


(c) 


32.18 X 0.006154 
0.2208 ^ 


100 = 89.69 


Example 11. Calculate the total alkalinity, in terms of the per- 
centage of Na2C03, of the soda-a.sh sample based ou the data of Problem 
10, using the normality method. The standard solution of HCl is 
0.11611 N, and 1 cc. of NaOH = 1.080 cc. of HCl. 

Since the normality of the HCl is 0.11611 and the milliequivalent 
weight of Na2C03 is 0.0530, each cubic centimeter of the acid will bring 
into reaction (0.11611 X 0.0530) gram of Na2C03. The net volume of 
HCl used in the first run is 32.62 — (1.42 X 1.080), or 31.080 cc. 
Therefore 
for (o) 


31.08 X 0.1161 X 0.0530 
0.2135 


X 100 = 89.60 per cent 


for (6) 


32.27 X 0.1161 X 0.0530 
0.2218 


X 100 = 89.56 per cent 


for (c) 


32.18 X 0.1161 X 0.0530 


X 100 = 89.69 


0.2208 
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The foregoing examples represent a complete set of stoichiometric 
calculations such as are involved in a typical alkalimetric or acidimetric 
determination. In actual practice and in routine work, certain steps can 
be eliminated and others shortened. Thus, in the first place, it must be 
decided in advance whether the strengths of the titrating solutions are 
to be designated in terms of titre or normality, and whichever basis is 
employed, the calculations are based on the selected system and all cal- 
culations involving the rejechid system ani naturally omitted. The titre 
system Ls perhaps simpler and involves a direct-w^eight relationship, but 
the normal system is more comprehensive and is to be preferred not only 
because, in practical work, the same standard solutions might be used 
for a variety of determinations without recalculation of strength d(\signa- 
tion but chiefly because the normal system emphasizes the concept of 
equivalency in chemical reactions. 

In the second place, once the titrating solutions have been prepared 
and standardized, further calculations involving such preparation and 
standardization iicckI not be duplicat(id. There re^nain then only the 
calculations based on the titration of the sample. 

The following problem set (No. 5) includes calculations encountered 
in the preparation, standardization and use of various acids and bases. 
Additional problems of a more complicated nature will be found in prob- 
lem set No. 7. 

PROBLEM SET 6 

Simple Calculations of Acidimetiiy and Alkalimetry 

81 . Wliat weight of pure CaO should be taken for the i)reparation of 1 liter of a 

0.2 N solution of Ca(OH)2? Arts. 5.G08 grams. 

82 . If you haid need for 500 cc. of a 0.1 N solution of TT2SO4, what volume of the 
concentrated sulfuric acid (sp. gr. 1.840; 95.60 per cent H2SO4 by weight) would 
you dilute? 

83 . To prepare 2 liters of 0.1 N solution of HCl, what volume of the reagent 

which contains 37.23 per cent of pure HCl and has a specific gravity of 1.19 would 
be required? Ans, 16.46 cc. 

84 . In order to make a liter of 0.05 N solution of NH4OH, what volume of con- 
centrated ammonium hydroxide, sp. gr. 0.900 and containing 28.33 per cent of NH3 
by weight, would be required? 

85 . What volume of ‘‘concentrated” reagent should be taken to prepare a liter 
of 0.1 N solution of each of the following acids: (a) HCl (sp. gr. 1.19; 37.23 per 
cent HCl by weight); (6) HNO3 (sp. gr. 1.420; 69.77 per cent HNO3 by weight); 
(c) H2SO4, sp. gr. 1.840; 95.60 per cent by weight? 

Ans, (o) 8.23 cc.; (6) 6.36 cc.; (c) 2.78 cc. 

86 . Calculate the Na2C03-titre for each of the following solutions: (a) 0.5123 N 
HCl; (6) 0.4962 N NaOH; (c) 30 cc. of a solution containing 0.2500 gram of Na2C03. 
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87. What are the titros, in terms of solute, for each of the following O.l N solu- 
tions of acids and bases: (a) HCl; (fe) Na2C03; (c) NH4OH; (d) H2C2O4? 

A 71 S, (a) 0.003646; (6) 0.005300; (c) 0.003505; (d) 0.004501. 

88 . In standardizing a IT2SO4 solution, 0.2500 gram of pure Na2C03 was employed. 
It required 37.50 cc. of the acid. What was the normality of the acid? 

89. What weight of pure, dry Na2C03 should be used in the standardization of an 

approximately 0.5 N solution of HCl, if not more than 30.00 cc. of the acid is to be 
used? Ans. 0.7950 gram. 

90. If 25.00 cc. of an exactly 0.1 iV solution of HCl are neutralized by 26.50 cc. 
of a NaOH solution, what is the normality of the latter solution? 

91. Upon titrating a solution of NaOH with HCl it was found that 30.25 cc. of 

the former reacted with 31.70 cc. of the latter. Subse<iuent standardization of the 
IICl solution showed it to be 0.1376 AT. Calculate the normality of the NaOH 
solution. Ans. 0.1442 N. 

92. A solution was made by dissolving 6.80 grams of NaOH, 560 grams of KOH 
and 12 grams of H2C2O4 *21120 in 1 liter of water. What are (a) the IlCl-titre and 
(b) the normality of the resulting solution? 

93. A certain weight of Na2C03 required 32.71 cc. of HCl (1 cc. == 0.05261 gram 

of NaaCOs) and 2.10 cc. of NaOH (1 cc. of NaOH = 1.15 cc. of IICI). What weight 
of pure NaaCOa was present in the sample? Ans. 1.593 grams. 

94. In the Kjeldahl method for the analysis of ammonium salts, the NH3 is dis- 
placed by strong NaOH and absorbed in an excess of standard acid and the excess 
titrated with standard alkali. If the NII3 from a 1-gram sample is absorbed in 
50.00 cc. of 0.1 N IICl and the excess titrated with 3.61 cc. of 0.05 N NaOH, what is 
the percentage of NH3? 

96. A student prepared a dilute ammonium-hydroxide solution of sp. gr. 0.994 
by dilution of the concentrated reagent, and then titrated 25 cc. of this diluted 
reagent with 0.5 N HCl, using 40.00 cc. What is the percentage by weight of NH3 
in the sample? Ans. 1.37 |)er cent. 

96. A 1.0000-gram sample of soda ash was titrated with 42.60 cc. of HCl, 1 cc. 
of which is equivalent to 1.38 cc. of NaOH. For back-titration 3.52 cc. of NaOH 
were used. The Na2C03-titrc of the HCl was 0.02112. What was the percentage 
of Na2C03 in the sample? 

97. Suppose you had a desk reagent of dilute HCl (sp. gr. 1.12) and wished to 

determine the content of pure HCl. To do this, you might take 25 cc. of the reagent, 
dilute it to 500 cc. in a volumetric flask and, withdrawing 25 cc. of this diluted sample, 
titrate this with standard NaOH. If 45.73 cc. of 0.2 N NaOH are used, what is the 
percentage of pure HCl in the original reagent? Ans. 23.82 per cent. 

98. What is the percentage of CaO in a limestone sample, if 0.6000 gram required 
32.75 cc. of 0.5 N 112804 for neutralization? 

99. A l-gram sample of a substance containing sodium carbonate was titrated 

with 30.00 cc. of HCl, 1 cc. of which contained 0.003562 gram of HCl. For back- 
titration there were required 1.27 cc. of a 0.1250 iV NaOH solution. What was the 
percentage of Na2C03? Ans. 14.69 per cent. 
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100 . Calcylftte the percentage of H 2 C 2 O 4 in a sample of crystallized oxalic acid 
which weired 0.1750 gram and required 27.20 cc. of NaOH, and 2.60 cc. of HCI 
(1 cc.^NaOH o 1.1 cc. of HCI; 1 cc. of HCI == 0.002600 gram of Na 2 C 03 ). 

JBC the theory of NEUTRALIZATION TITRATIONS: EQUILIBRIUM 
CALCULATIONS; CALCULATION OF HYDROGEN-ION CONCENTRATIONS 
AND pH VALUES; CALCULATION OF TITRATION CURVES 

The theory of ionization states that when substances such as inor- 
ganic acids, bases and salts are placed in a solvent like water, the mole- 
cules of the solute dissociate more or less completely into their respective 
ions. Solutes which dissociate practically completely are calkjd strong 
electrolytes, those in which the proportion of ions to non-ionized molecules 
is small, in comparable solutions, are weak electrolytcis. Non-electro- 
lytes are those which do not dissociate. The degree of ionization, usu- 
ally exprcjssed as a percentage for a number of acids, bases and salts is 
given in Table X in the Appendix. Particular attention is called to the 
strongly ionized acids such as HCI and HNO 3 as compared to weak ones 
such as HC 2 H 3 O 2 , H 2 S and HCN. In like manner NaOH is a typically 
strong base whereas NH 4 OH is a weakly ionized one. Most salts show 
a fairly high degree of ionization, those of the uni-uni type as NaCl, 
NH 4 NO 3 and NaC 2 H 302 being ionized 80 per cent or more, in 0.1 N 
solutions. 

The extent or degree of ionization, usually expressed as a percentage 
of the total solute present, is determined experimentally by electrical 
conductivity or other physicochemical methods. The concentration of 
the ions in a solution can then be readily calculated if we know the degree 
of ionization and the total amount of solute present. 

Example 1 . What is the hydrogen-ion concentration in a 0. 1 iV solu- 
tion of HCI (identical with a 0.1 ilf solution, since for monobasic acids 
the gram-equivalent weight is also the gram-molecular weight), the 
ionization taking place to the extent of 94.8 per cent? 

The dissociation of the solute into its ions takes place according to 
the equation 

HCI H+ + Cl- 

Since the solution contains 0.1 of a gram-mole of HCI per liter and 94,8 
per cent of this is ionized, the H’^-ion concentration is 

0.1 X 0.948 = 0.0948 or 9.48 X IO -2 

In a solution of any electrolyte, the ions and non-ionized portions of 
the solute are always in equilibrium, so that there is a definite ratio be- 
tween the concentrations of ions and non-ionized molecules. This ratio 
varies considerably for a strong electrolyte such as HCI for various 
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normalities (or molarities) but for weak electrolytes, such as HC 2 H 3 O 2 
and NH 4 OH, the ratio is always constant. This constant ratio is known 
as the ionization constant. For acetic acid, the equilibrium relation- 
ship is expressed by the formula 


X Cc. 


.HaO,- 


ChCjIIjOj 


= Xdon) = 1.8 X 


where Ch+ and CcjHaOj- are the concentrations, in gram-ion quantities 
per liter, CucjHaOj is the concentration of non-ionizcd acetic acid and 
i^(ion) is the ionization constant for this weak acid, and has an average 
value of 1,8 X 10 ~^. To ascertain whether a given electrolyte has an 
ionization constant, the equilibrium ratios arc calculated for a number of 
different molarities and, if these ratios are substantially constant, the 
electrolyte Is said to possess an ionization constant. Such constants for 
a number of weak acids and for NH 4 OH are given in Table XI in the 
Appendix. The following example shows how the ratio Ls calculated for 
one particular molarity of NH 4 OH. 

Example 2. Calculate the value of K\on for a 0.1 iV (or molar) solu- 
tion of NH 4 OH. 

The ionization takes place according to the reaction 


NH 4 OH ^ NH 4 + + OH~ 


for which the equilibrium formula holds 


Cnh 4 + X CoH- _ 

CNH4OH 


if, 


(Ion) 


A 0.1 AT solution of NH 4 OH is 1.31 per cent ionized. 
Therefore 


0.1 X 0.0131 X 0.1 X 0.0131 
0.1 X 0.9869 


1.75 X 10-^ 


The value as calculated for a 0.1 iY solution is therefore 1.75 X lO”®. 

Equilibrium of the Ions of Water. Water, too, behaves as a very 
weak electrolyte, dissociating to a slight extent into hydrogen and 
hydroxyl ions, according to the reaction 

HOH ^ + OH” 


The ionization constant of water is expressed by the equation 

Ch+ X Con- 


Choh 


— J^CtOD) 



60 THE CALCULATIONS OF NEUTRALIZATION ANALYSIS 


Since, however, the total molar concentration of water remains prac- 
tically unchanged owing to its feeble ionization, the equilibrium formula 
may be simplified by rewriting it in the form : 

Ch+ X CoH- = K(\on) X Ciiou = 

where Xw is a modified ionization constant and is known as the “water 
constant.” The numerical value of iiw, determined by several inde- 
pendent, experimental rnetlKxls, is 1.2 X 10”^^ at 25° C. It is some- 
times convenient to rewrite the equation 

Ch+ X Con- = 1-2 X 10“^^ 

in the form 

Cn. X Con- = 1 X 10-^3.92 

and, as an approximation, for less exact calculations we may use simply 
1 X 10 or merely 10 

This relationship is of fundamental importance in the study of all 
aqueous solutions, especially in all neutralization reactions, for it shows 
that, no matter whether an aqueous solution of an ac.id, a base or a salt, 
or pure water itself, is und(ir consideration, th(i product of the gram-ion 
concentrations of and OH” is always constant and, at 25° C., has the 
value 1.2 X 10“^^. 

We define an acidic solution as one having an excess of hydrogen 
ions, namely one in which the H+-ion concentration excotuis 10““^ and in 
which the OH “"-ion concentration at the same time is less than 10~^. 
Conversely, a basic solution is one having an OH "“-ion concimtration 
greater than 10“^ together with a H’*‘-ion content less than 10“'^. A 
neutral solution, as well as pure water itself, contains equal concentra- 
tions of both H"^ and OH“, namely 10“'^ gram-ion of each per liter. As a 
necessary consequence of this important relationship of the water equi- 
librium, it follows that no matter what type of aqueous solution is referred 
to, the value Ch+ X Coh- — Kvr— 1.2 X 10 must be satisfied and that, 
if the value of one set of ions, either hydrogen or hydroxyl, is known or 
measured the concentration of the other is readily calculated. It is suffi- 
cient to designate merely one set of ions, either the hydrogen or the 
hydroxyl concentration in order to indicate the character or nature of the 
solution. Thus, a solution which is known to have a hydrogen-ion con- 
centration of, let us say, 10 must have a corresponding hydroxyl-ion 
concentration of 10"^^; or, again, one in which the OH^-ion concentra- 
tion is 10“^ must, by virtue of the water equilibrium, have a H+-ion 
concentration of 10““^®. 

It has become customary to employ the H’^-ion concentration, 
instead of the hydroxyl, as an index in designating the nature of a solu- 
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tion with respect to its acidity or basicity. This is due chiefly to the 
fact that the hydrogen-ion concentration can be measurcid directly. 
This experimental determination of the hydrogen-ion concentration of 
a solution is usually carried out electrically, by means of a potentiometer 
and standard electrodes, as described later. The value, thus obtained, 
may then be expressed in decimal form, in exponential form, or in terms 
of w^hat is known as the value.*’ 

Measurement and Calculation of Values. The meaning of 
pH can best be understood by considering the potentiometric method of 
measuring H'^-ion concentrations. This consists, briefly, in measuring’ 
the electromotive force (voltage) set up in an electrolytic cell between a 
standard (“normal”) hydrogen electrode (a platinum electrode coated 
with platinum black and saturated wdth hydrogen gas) which dips into a 
HCl solution whose H'^'-ion concentration is exactly 1 (normal with 
respect to H+ ions) and another hydrogen electrode which dips into the 
solution whose H'^'-ion concentration is to be measured. The electrodes 
arci connected externally to a potentiometer and internally by means 
of a U-tube filled with a conducting solution such as KCl. The elec- 
trons which flow from one electrode to the other through the external 
circuit are measured, as voltages (K.M.F.), on the potentiometer. The 
formula, a modification of the Nernst equation, which relates the voltage 
of the cell to the hydrogen-ion concentration, is: 

E.M.F. = 0.059 log — 

Ch-*- 

in which 0,059 is a constant, “1” is the concentration of H+-ions in the 
standard or reference (normal) half-cell and is the hydrogen-ion 
concentration in the other half-cell into which the second hydrogen 
electrode dips. In practice, a standard calomel electrode is frequently 
used instead of the standard hydrogen electrode. 

By measuring the E.M.F. the factor, log can be calculated: 

Ch + 

E.M.F. 1 

0.059 “ 

and from this, the value of Cn* can be obtained. But, instead of solving 
for Ch + directly, the symbol, pH, has been introduced to represent log 
1 . 
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The term is accordingly defined as the logarithm of the reciprocal 
of the hydrogen-ion concentration. The pll value therefore can be cal- 
culated directly, in a potentiometric determination, by dividing the 
observed voltage by the constant 0.059. 

The calculation of the pH value from a given value of Ch + is a more 
or less simple matter. If, for example, a certain acidic solution, is known 
to have a Cn+ of, say, 1 X 10“^, the conversion to pH is based on the 
following relationship. 

= log 1 - log (10-^) 

= 0 ~ (-4) 

= + 4 
= 4 

Note that the pH is merely the exponential value of the hydrogen-ion 
concentration with the negative sign removed. This is, indeed, a fortu- 
nate mathematical relationship, conv(‘rting to the pH scale by simply 
expressing the exponent of the logarithmic relation as a positive number. 

Example 3. What is the pH value of a solution whose hydrogen-ion 
concentration is 1 X 10 

~ 1 X 

= 0 - (-8.75) 

= 8.75 


The calculation is somewhat more complicated when the value of 
Ch + is expressed as a mixed number. 

Example 4- Calculate the pH of a solution having a Ch+ of 2.6 X 

10 ^. 

pH = log^ 

Ch + 

~ (2.6 X 10-4) 

= log 1 — log 2.6 X 10~* 

= - (log 2.6 X 10-*) 
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It now becomes necessary to convert the coefficient 2.6 into a logarithm, 
in order to incorporate it as part of the exponent. The logarithm of 
2.6 is + 0.41. Therefore 

2.6 X 10-4 = 1.0 X 10-4+O-41 
= 1.0 X 10-3-59 

Then pH = — (log 1.0 X lO"®-®®) 

= - (-3.59) 

= 3.59 

In a manner analogous to the designation of Cu* values in terms of 
the pH scale, we might (ixpress hydroxyl-ion concentrations on a similar 
logarithmic scale. That is 

pOH = log — ^ 


In the accompanying table (Table II), there are arranged the Ch^ and 
pH values as well as the Con - and pOH values of acidic, neutral and basic 
solutions of varying normaliti(‘s, the assumption b(iing that the ioniza- 
tion of these solutions (except water) is complete. 

TABLE II 


Normality 


pH 

OoH 

pOH 

1.0 

10“ 

0 

JO-14 

14 

O.l 

10-1 

1 

10-“ 

13 

o 0.01 

10“2 

2 

10““ 

12 

3 0.001 

10-» 

3 

io-» 

11 

S 0.0001 

10-4 

4 

10-10 

10 

0.00001 

10-5 

5 

10-® 

9 

0.000001 

10-« 

6 

10-3 

8 

water; or 





neutrality 

lO-’ 

7 

10-’ 

7 

0.000001 

10-* 

8 

10-* 

6 

0.00001 

10-^ 

9 

l0-5 

6 

^ 0.0001 

10-10 

10 

10-4 

4 

*§ 0.001 

10-“ 

11 

10-3 

3 

0.01 

10-“ 

12 1 

10-3 

2 

0.1 

10-u 

13 

10-4 

1 

1.0 

10-“ 

14 

10® 

0 






64 THE CALCULATIONS OF NEUTRALIZATION ANALYSIS 


NEUTRALIZATION AND HYDROLYSIS 

The fundamental reaction wliich takes place when acids and bases 
interact is the union of ions and OH“ ions to form water. That is 

+ OH~ HOH 

This, of course, means that, in all neutralization reactions, the water 
equilibrium is involved, the value of ivw must be satisfied, and equi- 
librium, as expressed by the relation 

Cii+ X CoH- = = 1.2 X 10“^'* 

must be maintained. When equivalent quantities of an acid and base 
are mixed the final equilibrium is not necessarily at neutrality. Indeed, 
it is only for those pairs of acids and bases for wliich the extent of ioniza- 
tion is the same that final equilibrium comes at neutrality (pH of 7 ); all 
other pairs, when reacting in equivalent amounts, reach final equilib- 
rium in the mixed solutions in either the acidic or basic region, that is, 
at pH values smaller or greater than 7 . The final equilibrium point 
reached in an acid-alkali titration depends upon the nature of ihc. salt 
formed in the reaction, and this, in turn, depends upon the degree of 
ionization of the acid and base interacting. 

It is highly important to know at what pH value final equilibrium 
is reached, when equivalent quantities of redacting acids and bases are 
brought together in a titration in order that the proper indicator be 
selected. 

In order to understand why equilibrium at the equivalent point in a 
titration docs not always come at strict neutrality, the possibility and 
extent of hydrolysis of the salt resulting from the reaction must be con- 
sidered. Hydrolysis may be defined as the reaction of the ions of water 
with the ions of salts which are formed from weakly ionized acids or 
bases. A hydrolysis reaction is the reverse of a neutralization reaction; 
in fact, in the reversible reaction between an acid and a base it is the 
interaction of the products of this reaction. To illustrate, when 
HC2H3O2 reacts with NH4OH 

HC2H3O2 + NH4OH ^ HOH + NH4C2H3O2 
the ions of water react with the ions of NH4C2H3O2 

HOH + NH4C2H3O2 ^ HC2H3O2 + NH4OH 

to re-form certain definite amounts of HC2H3O2 and NH4OH. If more 
non-ionized HC2H3O2 should form than non-ionized NH4OH, more H+ 
ions are used up than OH” ions, and the solution would then be basic. 
In this particular case, as shown later, the amounts of both happen to be 
almost the same, resulting in a solution which is practically neutral. 
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The calculation of the equilibrium pH value at the equivalent point 
in a titration is herewith illustrated for a number of different acids and 
bases. 

Calculation of at the Equivalence Point. As already noted, the 
pH reached in an acid-base titration depends upon the relative degree 
of ionization of the acid and the base, since this determines how the 
resulting salt will hydrolyze. Since acids and bases range widely in their 
extent of ionization, from practically complete to only slightly, we may 
expect a considerable range of pH values for different combinations of 
acids and bases. Four typical pairs will be discussed, namely 

A. Strong acid — Strong base. 

B. Weak acid — Strong base. 

C. Strong acid — Weak base. 

D. Weak acid — Weak base. 


A, Strong Acid — Strong Base. For this combination we may take 
HCl and NaOH. Suppose we titrate 25 cc. of 0.1 W HCI with 0.1 iV 
NaOH. When 25 cc. of NaOH have been added, equivalent amounts 
will have reacted. Since both acid and base are strongly ionized (in 
fact w’e may here assume complete ionization), in the reaction 

H+C 1 ~ + Na+OH- HOH + Na+Cl- 


there will be little or no tendency for Na+ ion to unite with OH“ ion to 
form non-ionized NaOH nor will H"^ ion unite with Cl“ ion to fonn non- 
ionized HCl. Hence there will be no hydrolysis resulting. Moreover, 
the ionic reaction H"^ + OH HOH 


is the only one taking place and final equilibrium will be reached when 
the Ch+ and the Con- remaining are both at a concentration of 10 
The equivalence point is at pH of 7 , that is, at strict neutrality. 

B. Weak Acid — Strong Base. As an example let us take the reaction 
between HC2H3O2 and NaOH 


HC2H3O2 + NaOH ^ HOH + NaC2H302 

The fundamental reaction, here again is 

H+ + OH- ^ HOH 


But, since when equivalent quantities are mixed there are present, in 
equilibrium, OH- ions, H+ ions and C2H302'“ ions from the ionization 
of the salt, NaC2H302, formed in the reaction. Since acetic acid is 
feebly ionized, there will be a definite reaction between hydrogen ions 

and acetate ions. jj+ ^ C2JJ3O2- HC2H3O2 
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This must necessarily lower the H'‘‘-ion concentration in the solution, 
leaving an excess of hydroxyl resulting in a basic solution. 

The pH of the resulting solution is calculated in the following man- 
ner: The hydrolysis is dependent upon the amount of NaC 2 H 302 
formed; it is therefore simpler to arrive at the value by considering the 
hydrolysis of a NaC 2 H 302 solution. In an aqueous solution of 
NaC 2 H 302 final equilibrium depends not only on satisfying the water 
equilibrium 

X Cou- = 1.2 X 10~^^ 

but also on the acetic acid equilibrium which is controlled by its ioniza- 
tion constant. 

X C W ^ 18 io_5 

The hydrolysis equilibrium Ls then jointly controlled by the two equi- 
libria and if we divide the former by the latter 

Cn+ X Con- _ __ 1.2 X 10“^^ 

Ch » X CcgHgOa- -K^don) 1.8 X 10 “''^ 

CiiC2H3<^2 

we get the hydrolysis expression 

= 6.7 X lO-io 

CcaHjOg- 

where 6.7 X 10“^^ is the hydrolysis constant for NaC 2 H 302 , Con - is the 
hydroly 1-ion concentration at equilibrium, CHCgnaOj is the concentration 
of acetic acid formed in the hydrolysis and CcgiijOg- is the concentration 
of the ion of the salt formed. The value of Coh- equals that of CnCgHjOa 
because for every ion of hydrogen combined to form HC2H3O2 a hydroxyl 
ion is left in excess. 

If in a titration we add 25 cc. of 0.1 AT NaOH to 25 cc. of 0.1 AT 
HC 2 H 3 O 2 they will have reacted in equivalent proportions. The 
amount of NaC 2 H 302 would be 0.1 normal, but since the volume of the 
mixture is now 50 cc., the concentration of the NaC 2 H 302 and hence 
that of the C 2 H 3 O 2 ion is 0.05 normal (or molar). Letting x stand for 
the OH~ concentration, as well as the acetic-acid concentration formed 
by hydrolysis, we have 

xX X 
(0.05 - x) 


= 6.7 X 10-1^ 
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As an approximation, since the amount of C2H302“' ion combined is 
negligibly small, we can write 


whence 

Since 


oTo5 = X 


a: = 5.8 X 10-6 
Cb.* X Con- — K.V 
A'w 


Cu+ = 


./OU- 


1.2 X 10-’4 
5.8 X 10-6 


= 2.07 X 10-9 

Moreover, 

pH- log -L 
Oii<- 

corresponding to a jill of 8.68, or approximately 8.7. 

The steps in this calculation can be shortencid, for since 


Cqh- X CHC2H3O2 __ A^w 

~ (lou) 

and CnCaHjOa is equal to Coh - 


From the water equilibrium, 


and solving for Ch+, 

/A^w X A (Ion) 

Ch+ == 'V” 7; 

LcgHjOa" 


(Con) 


Con- = 


2 CG2H3O2 “ 


^ (Ion) 


Ch 


i* = yj- 


1.2 X 10-‘« X 1.8 X 10-5 
0.05 


= 2.07 X 10-9 


corresponding, as before, to a pH of 8.68. 

Equivalence, in this reaction, therefore, is reached at a pH of 8.68, 
that is, in a basic solution. 

C. Strong Add — Weak Base, Selecting, as an example, the neutral- 
ization of HCl by NH4OH, according to the equation 

HCl + NH4OH HOH + NH4CI 
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it is seen that the secondary reaction which takes place is the hydrolysis 
of the NH4CI, due to re-formation of the slightly ionized base NH4OH. 
We can therefore predict that in such a neutralization reaction, final 
equilibrium will be reached in an acidic solution, since hydroxyl ions are 
removed in excess of those of hydrogen. 

The pH value attained at equivalence is calculated, from the hydroly- 
sis formula, in an analogous manner as that for NaC2H302. Here the 
water equilibrium and the ionization constant of NH4OH are the con- 
trolling factors. 

Ch+ X CoH- _ 

X CoH- Ki\on) 


Whence 


CN114O11 


Ch+ X 

CNn4 + 


1.2 X 10-14 
175 X 10”^ 


6.9 X 10-111 


As before, if 25 cc. of 0.1 iV HCl react with 25 cc. of 0.1 N NH4OH, at 
equivalence, we have a 0.05 N solution of NH4CI. 

Letting x equal the Cu + as w^ell as CNH4OH ; 


X X X 

0.05 


6.9 X lO-in 


Ch- = 5.9 X 10-11 


Instead of using the value of the hydrolysis constant, equations can 
be combined to read 


ry W X C^NH4 

^ A (Ion) 


and we have 


^ /1.2 X 10-14 X 5 : 

= V 1.75 X 10-‘ 


X 10-2 
6 


= 5.9 X lO-n 


This corresponds to a pH of 5.24. 

D. Weak Acid — Weak Base, If a weak acid is allowed to react with 
a weak base, the pH reached at equilibrium, when equivalent quantities 
have reacted, depends upon the relative degrees of ionization of both 
acid and base. If both reactants are ionized to the same extent, equal 
quantities of non-ionized acid and base remain at equivalence and the pH 
value is substantially 7. This is the same as saying that the salt pro- 
duced in such a reaction hydrolyzes equally in an acidic and basic direc- 
tion and, when equilibrium is reached, the solution will be neutral. 
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This is the condition reached, practically, when HC2H3O2 reacts in 
equivalent quantities with NH4OH, since the degrees of ionization of 
both are approximately the same. 

When there is an appreciable, but not too great a difference in the 
degrees of ionization of base and acid, both being slightly ionized, the 
Ch+ and from this the pH value at equivalence can be calculated. The 
formula is here derived, in terms of the hydrolysis of NH4C2H3O2. 

The ionization equilibrium for the weak acid is 


and for the base 


Cn^ X Cc 2^302 

C11C2II3O2 
CoiT- X Cnil, 


and for water 


Therefore 


Ch+ X CoH- = 


X CoH- 


Cii 4 X Q1H3O 2 ^ CoH- X CnH 4+ iV(acId) X Kihaae, 

CiiCaUjOa C'NH40n 

The expression just given is the hydrolysis equilibrium for 
NH4C2H3O2. In its simpler form it is 

C'HrjH302 X C ntt^oh _ _ „ 

ry V r' K ^ K “^(hyci) (ty 

LC2H3O2- X LNH4+ *n.(acld) A A (base) 

Since the salt is a strong electrolyte 


and assuming practically equal concentrations of acid and base formed 
in hydrolysis 

CNn40 H = C'hCjHjOj 

From equation (1) therefore 


and therefore 


or 


ChCjHjOj 

CNn40H 

CC2H3O2- 

C'nh4+ 

(CnCaHsOa)^ _ 

Ky, 


^(acid) X -^(base) 

ChCjEjO, = Cejafit-' 

J 

^(acld) X K(baae) 
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The hydrolysis equation for the salt of a weak acid as given on page 66 


IS 


CuCaHjOj X Con- 


from which 


CcaHjOj- -K^Cacld) 

. A^w X Cc ,11,0-- 

^HC,H.O, = 


A (acid) X CoH- 

Equating (1) and (2) since both equal Cnc^n^Oi 

Aw X Cc,ii,o,- ^ / A"w 

(h\y^ 


( 2 ) 


A(acicl) X A (base) 

A'„ 


(A(acld))“ X (CoH )“ A (acid) X A (base) 


Solving for CoH- 


acid since CoH- 
therefore 


Aw 
Ch + 


= V 


K 

W X K (base) 

A (acid) 


Cu 


■ ^4 


A'* X A 


(uc(d) 


A 


(base) 


From this equation the hydrogen-ion concentration and the pH value 
at equivalence can be calculated, provided that the ionization constants 
for the acid and base do not differ too much. In the case of NH 4 C 2 H 3 O 2 , 
the acid and base constants are substantially 1.8 X 10“^, from which it 
follows that the pH at equivalence is practically 7. 


CALCULATION OF TITRATION CURVES 

There are, as pointed out on page 50, two methods by which a titra- 
tion can be conducted with respect to the location of the end pdint. Both 
methods can be applied to precipitation, acidimetric, alkalimetric, as 
well as oxidation and reduction reactions. The older and common 
method is by the use of indicators which give a sharp color change when 
the equilibrium point of the reaction is reached, and the selection of the 
correct indicator depends upon knowing this equilibrium point. In acid- 
alkali titrations, when indicators are used, the nature of the acid or 
alkali being titrated furnishes the guide for the selection of the indicator. 
A potentiometric titration consists in measuring the changes in the 



CALCULATION OF TITRATION CURVES 


71 


electromotive force of an electrolytic cell made up of the combination of 
a standard reference electrode and another electrode which is put into the 
solution being neutralized. As the reaction gradually runs to comple- 
tion by the addition of measured quantities of the standard reagent, 
there will be corresponding changes in the voltage of the cell. In the 
case of an acid-alkali titration, a potentiometric titration consists, in 
fact, of a series of hydrogen-ion concentration measurements, as de- 
scribed on page 61, so that, whem titrating an acid by a standard solution 
of alkali, the hydrogen-ion concentration gradually and then rapidly 
d(^creases. The change in the voltage of the cell is so rapid in the vicin- 
ity of the equilibrium point that an experienced analyst judges the end 
point by the abnormally large deflection of the voltmeter needle of the 
potentiometer. By actually recording the voltages, as the neutraliza- 
tion progresses and from the Nernst equation for the hydrogen electrode : 

E.M.F. = 0.059 log L 
Ch 


the hydrogen-ion concentrations, or better still, the pH values directly 
can be calculated from the relation : 


E.M.F. 

0.059 



A series of pH values is thus obtained. When these values are plotted on 
coordinate paper against added volumes of standard reagent, a graph is 
obtained, similar to the ones shown Ijclow. Such graphs are known as 
titration curves. The equivalence point and therefore the end point can 
then be more accurately located from the curve. The vertical portion 
of such a curve gives the range over which the hydrogenrion concentra- 
tion or pH is undergoing the most rapid change, and the bisection point 
of the vertical portion (the inflection point) locates the definite equilib- 
rium point and is taken as the end point. 

Curves which show graphically the changes taking place during the 
addition of successive volumes of reagent can also be plotted by calcula- 
tion from proper data. Curves of this kind are of considerable value in 
following the course of a reaction and in predicting the equilibrium point 
which is required for the selection of the indicator in an actual titration. 
Such calculated curves, which are followed more or less closely in a 
potentiometric titration and give a general idea of the changes in an 
indicator titration, are shown for typical combinations of acids and bases. 

The calculation of the pH values which show the change taking 
place during a neutralization reaction will now be taken up for a few 
typical cases. 
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Strong Acid-Strong Base Curve. Suppose wc titrate 25 cc. of 0.1 iV 
HCl with 0.1 N NaOH. 

1. At the outset, before any base is added, the solution has a normal- 
ity of 0.1. Since here we may assume complete ionization the Ch+ is 10 
and the pH is 1, 

2. When 5.0 cc. of 0.1 AT NaOH have been added, there remain 20 cc. 
of 0.1 AT HCl in a total volume of 30.0 cc. The normality of the solu- 
tion is no longer 0.1 but is now 0.067 N as is seen from the inverse rela- 
tion 

20 cc. : 30 cc. == x : 0. 1 
or 

ViNi = V2N2 


The Ch is 6.7 X IO -2 and the pll is 1.17. 

3. When the solution is half neutralized, 12.5 cc. of 0.1 AT HCl remain, 
now diluted to 37.5 cc. The normality of the HCl remaining is 0.033, 
the Ch+ is 3.3 X lO"^ and the pH is 1.48. 

4. In this manner, the pH values recorded in Table HI have been 
calculated. 

TABLE III 

The Neutralization of a Strong Acid by a Strong Base 


cc. 

NaOH 

added 

cc. 

HCl 

remaining 

Total 
volume of 
solution 

Normality 

of 

solution 

Ca* 

pll 

0 

25.0 

26.0 

0.100 

1 

X 

10 -* 

1. 

6.0 

20.0 

30.0 

0.066 

6.6 

X 

10-2 

1.18 

12.5 

12.6 

37.5 

0.033 

3.3 

X 

10 -i* 

1.48 

20. 

5.0 

45.0 

0.011 

1.1 

X 

10~* 

1.96 

22.5 

2.5 

47.5 

0.0053 

5.3 

X 

10-« 

2.28 

24.0 

1.0 

49.0 

0.0020 

2.0 

X 

10"® 

2.70 

24.5 

0.5 

49.6 

0.0010 

1.0 

X 

10“» 

3.00 

24.9 

0.1 

49.9 

0.0002 

2.0 

X 

10-® 

3.70 

24.95 

0.05 

49.95 

0.0001 

1.0 

X 

10-* 

4.00 

25.0 

0.0 

50.0 

0.0 

1.0 

X 

10-® 

7.00 

25.05 

-0.05 

50.05 

0.0001 (NaOH) 

1.2 

X 

10-10 

9.92 

25.1 

-0.1 

60.1 

0,0002 

6.0 

X 

10-“ 

10.22 

26.0 

-1.0 

51.0 

0.002 

6.0 

X 

10-“ 

11.22 


5. Note that when but a single drop, 0.05 cc. of HCl, remains the pH 
is 4.00. 

6. At equivalence, since NaCl does not hydrolyze, the pH will be 7. 
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7. A drop (0.05 cc.) of 0.1 iV NaOH in excess, in the total volume of 
50.05, now renders the solution basic, with an NaOH normality of 

0.05 X 0.1 = 50.05 X X 

X = 0.0001 = 1 X 10 "4 

A normality of lO""^ with respect to a NaOH solution means an 
OH-ioii concentration of 10 or a Cw ^ of I0~^^\ The pH is 10. 



Weak Acid-Sirong Base Curve. The calculation of pH values, when 
for example 25 cc, of 0.1 N HC 2 H 3 O 2 are titrated with 0.1 N NaOH, is 
somewhat complicated by the fact that acetic acid is a weakly ionized 
acid, the presence of NaC 2 H 302 formed in the reaction acts by common- 
ion effect and, as previously shown, the equivalent point is displaced 
from neutrality because of hydrolysis. 

1. The initial point can be directly calculated from the normality of 
the solution and its degree of ionization. 

Ch^ = 0.1 X 0.0134 = 1.34 X 10~3 


from which pH = 2.9 

Or, if the degree of ionization is not readily known, Ch+ can be 
obtained from the equilibrium equation: 


Cn+ X CcaHjOj- rjr 

~ ~ A (Ion) 

LiiCgHgOa 


a:2 

0.1 


1.8 X 10-5 


(neglecting the small amount of HC 2 H 3 O 2 which ionizes). 
Whence 

a: = 1.3 X 10-5 ^nd pH = 2.9 
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2. When 5 cc. of 0.1 iV NaOH are added the total volume is 30 cc., of 
which 20 cc. are un-neutralized 0.1 AT acetic acid. The new normality 
of the HC2H3O2 is therefore 0.067. The C2H302~ ion concentration 
corresponds to 5 cc. of 0.1 A7^NaC2H302 in 30 cc. or, from the inverse 
relation V\Ni = V 2 N 2 y a normality of 0.0167. Substituting these val- 
ues in the equation 

rf oITgO, X A (Ion) 

Cll4 = 

LC2II3O2- 


0.066 


0.0166 


; X 1.8 X 10- 


= 7.22 X 10-^ 


It will be noted that the ratio r > 

0.0167 


which represents the concentra- 


tion of acetic acid and acetate ion, nnspectively, is the same as the ratio 
of the volumes of 0.1 solutions, namely 20 cc. of acid and 5 cc. of 
NaC2H302. That is 

0.067 20 cc. 

0.0167 "" 5 cc. 


This simplifies the calculation, so that here, as well as at all desired 
points, we can substitute volumes for normalities. 

3. For all points up to and including the addition of 24.95 cc. of, 
0,1 NaOH, the following formula can be used 


Cn^ 


Vol. acid remaining 
Vol. NaOH added 


X 1.8 X 10-5 


4. At the equivalent point, when 25 cc. of the base have been added, 
the hydrolysis determines the pH value. Tliis has already been cal- 
culated, on page 67, to be 8.68. 

5. Beyond the equivalent point, when an excess of base is present, 
the pH values are the same as already calculated on page 73 for the 
strong acid-strong base combination. 

Strong Acid-Weak Base Curve, The titration of a strong acid by a 
standard weak base is never carried out in practice, but the reverse, the 
titration of weak bases such as NH4OH by standard HCl, is of frequent 
occurrence. The course of the reaction is analogous to that just con- 
sidered for acetic acid and NaOH, but the pH values are reversed. Let 
us consider the titration of 25 cc. of 0.1 N NH4OH with 0.1 iV HCL 
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TABLE IV 

Neutralization of a Weak Acid by a Strong Base 


cc. 

NaOH 

added 

cc. 

HC2H3O2 

remaining 

Total 
volume of 
solution 


pH 

0 

25.0 

25.0 

1.3 X 10-® 

2.9 

5.0 

20.0 

30.0 

7.2 X to-® 

4.1 

12.5 

12.5 

37.5 

1.8 X 10-® 

4.7 

20.0 

5.0 

45.0 

4.5 X to-® 

5.4 

22.5 

2.5 

47.5 

2.0 X to-® 

5.7 

24.0 

1.0 

49.0 

7.5 X 10-’ 

6.12 

24.5 

0.5 

49.5 

3.7 X 10 ^ 

6.43 

24.9 

0.1 

49.9 

7.4 X 10“ ® 

7.13 

24.95 

0.05 

49.95 

3.6 X ur® 

7.44 

25.0 

0.0 

50.0 

2.1 X 10-» 

8.7 

25.05 

-0.05 

50.05 

1.2 X 10-*® 

9.9 

25.1 

-0.1 

50.1 

6.0 X 10-** 

10.2 

2(10 

-1.0 

51.0 

6.0 X 10-*2 

11.2 



1. The pH of the original solution may be found either from the 
degree of ionization or from the ionization constant. In the former case, 
the solution is 0.1 iV and the degree of ionization (Table X) is 1.31 per 
cent. 

CoH- = 0.1 X 0.0131 = 0.00131 


Therefore 


= 1.31 X 10-3 


Ch. 


1.2 X 10-»^ 
1.31 X 10-3 


1 X 10-“ 04 


Therefore 


pH+ = 11.04 
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In the latter case, using the equilibrium 
Cnh4+ X Coii- 


CnH4( 


= 


;0II 


(Ion) 


Therefore, 


Cou- = V^-K^don) X CN114OH = 1.32 X 10 ^ 

Cn^ = rf-- and pH = log ^ 

Coil- Ch 


= 11.04 


2. For values of pH, up to the addition of about 24.95 cc. of 0.1 iV 
HCl, the normality of the remaining base and the normality of the 
NH4CI formed may be evaluated, or alternatively, as in the case of 
acetic acid, the ratio of volumes may be taken. By combining 


we have 


Kw = Cu X CoH- ii-nd iV(ion) 


CnH, X CoH- 

CNH40H 


Cr + 


CniiiOn Kijiou) 


For example, when 5 cc. of acid have been added there remain 20 cc. 
of un-neutralized NH4OH and there were formed 5 cc. of NH4CI. 



1.2 X 10-14 
1.75 X 10-*^ 


Therefore 


= 1.7 X 10-10 
pH = 9.77 


Calculation of other points Is left for the student. 

3. The equivalent point, at a pH of 5.24 has already been established 
by the calculation on page 68. 

4. Points beyond the equivalent volume, when an excess of acid is 
present, have the same pH values as already calculated, on page 73, for 
the HCl — NaOH combination. 

Weak Acid-Weak Base Curve. Finally, the reaction between a weak 
acid and a weak base remains to be considered. The course of the reac- 
tion presents some interesting characteristics but, in practice, such a 
titration is not made, because no indicator can be employed for the 
titration, nor can the end point be found in a potentiometric titration. 
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If we take, for example, the reaction between 0.1 AT HC 2 H 3 O 2 and 

0.1 AT NH 4 OH the following characteristics arc to he observed. 

1 . If the acid is being neutralized by the addition of base, the initial 
pH of the solution, as already computed on page 73 will be 2.9, and, con- 
versely, if base is being neutralized by acid, the initial pH of a 0.1 A?^ 
NH 4 OH solution is 11.04. 

2. pH values for points up to practically the equivalent point are 
identical with those already calculated or discussed for either the acetic 
acid or the ammonium hydroxide titrations as the case may be. 

3. The equivalent point, since both acid and base are about equally 
ionized, will have a pH of practically 7, as already pointed out on page 
70. In cases where both reactants are wealdy ionized, but one is some- 
what stronger than the other, the Cn ^ can be calculated from the formula 
given on page 70. 


PROBLEM SET 6 

Equilibrium in Neutralization 

101. Calculat.e the H'^-ion concentration in solutions of the following mono-basic 
acids, the molarity, or normality and degree of ionization being given: 


(a) HCl 

0.1 M 

or 

0.1 AT 

94.8% 

Ans. 9.48 X 10-®. 

(6) HNO2 

0.1 M 

or 

0.1 AT 

8.0% 

8.0 

X 10“*. 

(c) HCHO 

0.1 M 

or 

0.1 AT 

4.5% 

4.5 

X 10-». 

(d) HC2H3O2 

0AM 

or 

0.1 N 

1.34% 

1.34 X 10-®. 

(e) HCN 

0AM 

or 

OAN 

0.01% 

1.0 

X lO-s. 


102. Calculate the H-ion concentration of a 0.01 N solution of acetic acid which 
is 4.17 per cent ionized. What is the H-ion concentration of 0.01 N solution of HCl 
which is 99.8 per cent ionized? 

103. Calculate the OH “-ion and H'^-ion concentrations of the following solutions 
of bases, the normality and degree of ionization being given. AV = 1 X 10“^^. 

OH“ H+ 

(а) NaOH 0.1 AT 90.5% Ans. 9.05 X 10“2. 1.11 x 10“‘3 

(б) KOH 0.01 N 93.5% 9.35 X 10“». 1.07 X lO'^^ 

(c) NH4OH 0.001 AT 11.7% 1.17x10-4 8.55 X 10“^^ 

104. Calculate the OH“-ion and H+-ion concentrations in solutions of NH4OH 
of the following normalities and degrees of ionization. Aw = 1 X 10“^4, 

(а) 1.0 AT 0.4% 

(б) 0.1 N 1.31% 

(c) 0.01 N 4.07% 

(d) 0.001 N 11.7 % 

^ 106. For the following solutions, the H'^-ion concentrations of which are given 
express the acidity in terms of pH value. 
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Solution 

Cb* 

Amt pH 

( 0 ) HCl 

9.48 X 10-* 

1.02. 

(6) HNO 2 

8.0 X I0-» 

2.1. 

(c) HCHO 

4.5 X 10-* 

2.35. 

(d) HC 2 H 3 O 2 

1.34 X 10“* 

2.87. 

(c) HCN 

1 X 10*® 

5.00. 


106. Find the pW values for the following bases having the H-ion concentration 
corresponding to the normalities given. 


(a) NaOH 

1.11 X 10-“ 

0.1 iV 

(b) KOH 

1.07 X 10-“ 

0.01 N 

(c) NH 4 OH 

8.55 X 10-“ 

0.001 W 

107. Suppose that you mixed 20.00 cc. 

of 0.1 NaOH with 30.00 cc. of 0.1 AT 


HCl. What would be (a) the H-ion concentratiun, and ( 6 ) the pll value of the 
resulting mixture, assuming complete ionization? 

Am. {a) 2 X 10'^ ( 6 ) 1.70. 

108. If to 25.00 cc. of 0.1 NaOH you added 12.50 cc. of 0.1 iV HCl, what 
would be (a) the OH-ion concentration, ( 6 ) the H-ion concentration and (c) the pH 
value of the resulting mixture, assuming complete ionization? 

109. Calculate (a) the H-ion concentration and (b) the pH value of a 0.01 N 

solution of NaC 2 n 302 . (Cii+ X Uc 2 H, 02 ")/Uuc 2 n 302 = 1.8 X 10”^; Cii+ X Con 
= 1.2 X 10~i^. Am. (a) 4.76 X lO”* ( 6 ) 8.34. 

110. Calculate the pH value of a 0.01 N solution of NH 4 CI. 

X Coh ^ ^ yg ^ Ch. X Coh- = 1.2 X 10-‘« 

CNH 4 OII 

111. Calculate the pH value of the mixture when 25.00 cc. of O.l N HCl are 
mixed with 75.00 cc. of 0.1 AT NH 4 OH. 

(Cnh 4 + X C'oh-)/Cnu 40 h = 1.75 X 10“^ Cn X Coh = 12 X 10~^1 

Am. 9.48. 

112. What is the pH value of the mixture obtained by adding 50.00 cc. of 0.5 If 
NaOH to 50.00 cc. of 0.5 N HC 2 H 3 O 2 ? 

Ch. X CoiH,Qi- ^ J g ^ Ch. X Coh- = 1.2 X 10-“ 

CHC 2 H 8 O 2 “ 

113. Suppose you were titrating 25.00 cc. of 0.1 A/" HC 2 H 3 O 2 with 0.1 AT NaOH. 

(a) What would be the pH value of the acid before titration was begun (degree of 
ionization 1.3 per cent)? ( 6 ) What would be the pH of the solution when one half 
of the equivalent of NaOH (12.50 cc.) had been added? (c) When 0.9 of the acid 
had been neutralized? Am. 2.89; 4.74; 5.70. 

114. If you were titrating 50.00 cc. of 0.1 A^ HCl with 0.1 AT NaOH, what would 
be the pH value (a) when 30.00 cc. of the NaOH solution were added, ( 6 ) when 
47.60 cc. NaOH were added and (c) when 49.90 cc. NaOH were added. Assxime 
complete ionization. 
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116 . If, for convenience, we mix solutions of 0.1 N NH4OH and 0.1 N HCl in 
such proportions that the total volume of solution is 100 cc. What will be the pH 
(a) when we mix 66.0 cc. acid and 46.0 cc. base; (b) when 60.00 cc. of each are mixed; 
and (c) when 40.0 cc. of acid are mixed with 60.00. of base? = 1.2 X 10~^^; 
X(ion) NII4OH = 1.76 X 10-®. Ans. (a) 2.0. (6) 5.24. (c) 8.88. 

116 . If we mix solutions of 0.1 AT NaOH and 0.1 N HC2H3O2 in the following 

proportions, what will be the pH values of the resulting mixtures? (a) 66.0 cc. 
acid and 36.0 cc. base; (6) 60.0 cc. of each; and (c) 10.0 cc. of acid and 90.0 cc. of 
base. A'w = 1.2 X 10-“. HC2H3O2 = 1.8 X lO'®. 

117 . Calculate the pH of the mixture when 12.60 cc. of 0.1 N HCl have been 

added to 26.00 cc. of 0.1 AT Nn40H. Ans, 9.2. 

118 . Imagine you arc titrating 26.00 cc. of a 0.1 AT NH4OH solution with 
0.1 N IICl. What are the pH values when (a) 6 per cent, (6) GO per cent, (c) 90 per 
cent and (d) 99.9 per cent of the base have been neutralized. 

119 . If you mix equivalent volumes of a base, whose Ar(ion) is 1 X 10“^, with 

an acid, whose is 1 X 10“^, what will be the H-ion concentration of the 

mixture? Ans. 1.09 X 10“^ 

120. Calculate the hydrolysis constant for NII4C2H3O2. 

C. ADJUSTMENT OF SOLUTIONS; MIXED ALKALI CALCULATIONS 

Solutions prepared and standard! ztid for titration purposes are rarely 
of the exact strength desired. That is, they usually are of the approxi- 
mate strength called for, but, of course, their exact strength becomes 
known upon standardization and they are then used without further 
adjustment of concentration. It sometimes becomes necessary or desir- 
able to adjust the concentration to some definite desired value by addi- 
tion of water or solute. 

For example, suppose that it is desired to change the strength of an 
HCl solution which is 0.1019 N to one which is exactly 0.1 N. How 
much water must be added to 700 cc. of the 0.1019 N hydrochloric-acid 
solution in order to have a solution of the desired normality? 

The diluted solution must contain 0.0036465 gram of HCl per cubic 
centimeter in order to be 0.1 N. The undiluted solution contains 
0.036465 X 0.1019 == 0.003716 gram per cubic centimeter, and in 700 cc. 
there are 0.003716 X 700 = 2.60 grams of HCl. This quantity of pure 
HCl must be present in a volume of diluted solution such that each cubic 
centimeter contains 0.0036465 gram of HCl. If x represents the volume 
of diluted solution, then 

0.0036465 X X = 2.60 

X = 713.3 cc. 

Then 

713.3 — 700.0 = 13.3 cc., the amount of water to be added 
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Since the normality is inversely proportional to the volume, the vol- 
ume of dilute solution can also be directly calculated from the relation : 

700 : a; = 0.1 : 0.1019 

X = 713.3 cc. 


and the volume of water to add is 13.3 cc. 

Such calculations arc made on the assumption that no shrinkage in 
the total volume takes place on mixing. 

Adjustment of Solution to Read Percentage Directly. In many 
routine and industrial analyses it is desirable to adjust eitluT the wcnght 
of samplci or the strength of the titrating solution so that the volume of 
standard solution will indicate directly the percentage of the desinid 
constituent or bear a simple ndation to the percentage. The problem 
resolves itself into either finding how much solute is needed in making a 
solution for titrating a definite weight of sample so that each cubic 
centimeter of solution used in titrating the sample should represent 1 
per cent of the desire‘d constituent, or else fixing the weight of sample that 
must be taken so that with a specified strength of the solution each cubic 
centimeter volume used should represent 1 per cent of the desired con- 
stituent. 

As an example take the following case: 

How much HCl must be contained in a cubic centimeter of solution 
so that, with a 1-grani sample of impure Na^COa, each cubic centimeter 
used in titrating the sample represents 1 per cent of Na 2 C 03 ? 

From the equation : 


1 cc. X Na 2 C 03 -titre of the HCl solution 


we have 


1 gram 


X 100 = 1 per cent 


1 X 0.01 
1 


X 100 = 1 per cent 


The value of 1 cc. of the solution in terms of Na 2 C 03 is therefore 0.01. 
2 HCl 

Then ~ X 0.01 = value of 1 cc. in terms of HCl, or 0.00688 gram. 

r'la2CU3 

A liter of this solution must contain 6.88 grams of HCl. 

If a 2-gram sample is used, and each cubic centimeter is to indicate 
1 per cent, the strength of the solution must be twice as great. 

Instead of adjusting the strength of the solution, which is a tedious 
matter experimentally, the weight of sample may be adjusted so that, 
with a solution of given strength, the volume of solution used represents 
directly the percentage of the desired constituent. 



ADJUSTMENT OF SOLUTIONS; MIXED ALKALI CALCULATIONS 81 


What weight of sample of soda ash should be taken so that, when 
titrated with a hydrochloric-acid solution having a HCl-titre of 0.01820, 
each cubic centimeter should represent 1 per cent of Na2C03? 

Since: 


1 cc. 


X 0.01820 X 


Na2C03 

2HC1 


Weight of sample 


X 100 = 1 per cent 


the weight of sample is found to be 2.6450 grams. 

The same adjustments may be made on a normality basis. 

What must be the normality of a hydrochloric-acid solution so that, 
when a 2-gram sample of soda ash is titrated, each cubic centimeter of 
HCl represents 1 per cent of Na2C03? From the general relation: 


Volume used X Normality X Milliequi valent weight 


w^e have : 


Weight of sample 
Na2C03 


X 100 = Percentage 


1 cc. X N X 


2 X 1000 


2.0 


X 100 = 1 per cent 


from which AT = 0.3773. 

What weight of soda ash must be taken in order that the volume of a 
0.5 N HCl solution should represent the percentage of Na2C03? 


1 cc. X 0.5 X 0.053 
Weight of sample 


X 100 = 1 per cent 


from which the weight of sample required is 2.650 grams. 

Calculations of Mixed Alkalies. In the usual method of calculating 
the alkaline strength of a basic material, the total alkalinity is computed 
in terms of the percentage of the constituent which predominates. For 
example, in the analysis of soda ash, which is largely Na2C03, but, 
besides inert material, usually contains small amounts of NaHCOs, the 
result is reported as percentage of Na2C03, whereas in reality both alka- 
line substances react with the acid used for neutralization. In cases of 
mixed alkalies, such as mixtures of the alkali hydroxides, carbonates 
and bicarbonates, the separate amounts of each constituent may be 
determined by titrations involving the use of two indicators. 

The following possibilities may occur with the above alkalies using 
the sodium compounds as typical in samples which may also contain inert 
impurities such as chlorides and sulfates : 


1. NaOH as the only alkaline substance. 
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2. NaHCOa as the only alkaline substance. 

3. Na2C03 as the only alkaline substance. 

4. Mixtures of NaOH and Na2C03. 

5. Mixtures of NaHC03 and Na2C03. 

Besides these, we may have dry mixtures of NaOH and NaHCOs or 
dry mixtures of NaOH, NaHCOs and NasCOs, but these mixtures can- 
not exist in solutions because the hydroxide will react with the bicarbon- 
ate to form the carbonate. Samples covering the above five cases can 
be identified and the percentages of the constituents determined by the 
behavior of methyl orange and phenolphthalcin indicators toward these 
alkalies during titration. 

1 , Sodium Hydroxide. This base behaves alike toward both indi- 
cators so that, when a titration is conducted with standard HCl, the end 
point comes at practically the same volume of added acid when methyl 
orange is used as when phenolphthalcin is used. Complete neutraliza- 
tion is indicated when methyl orange turns pink and phenolphthalcin 
turns colorless. 

Sodium Bicarbonate. This base is practically neutral toward 
phenolphthalcin. This is because the hydrogen-ion concentration 
derived from the weakly ionized HCO3 ion (HCO3 + C03 = ) 

has about the concentration, 1 X necessary to change the color of 
this indicator, so that a minute amount of HCl is suflicient to indicate a 
neutral solution when phenolphthalcin is present. 

Methyl orange, however, does not change color from alkaline to acid 
until a concentration of hydrogen ion of about 1 X 10“^ is reached. 
This will occur only when the bicarbonate is actually neutralized. A 
titration of bicarbonate with standard acid can therefore be made only 
with methyl orange as indicator. 

3 . Sodium Carbonate. With phenolphthalcin present, in a cold so- 
lution, a titration of sodium carbonate with standard HCl will show an 
end point when the solution is only one half neutralized, that is, when 
the NaaCOa has been transformed into NaHCOa, thus: 

Na2C03 + HCl = NaHCOa + NaCl 

The volume of acid used will therefore be one half of the total amount 
required for complete neutralization. 

With methyl orange the end point does not come until complete 
neutralization takes place. 

4 - A Mixture of NaOH and Na2CO^. Remembering from the fore- 
going cases that methyl orange changes color at complete neutralization 
for any alkali and that phenolphthalcin shows a neutral reaction against 
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NaHCOa, the behavior of the above mixture can be easily deduced. 
When the mixture is titrated with acid, in the cold, in the presence of 
phenolphthalein as indicator, all the NaOH and one half of the Na2C03 
will have been neutralized when the pink color is discharged. A second 
titration, using methyl orange, will give the total volume of acid required 
for complete neutralization of both bases. The following problem will 
show the method of calculation. 

A 0.2-gram sample of a mixture of NaOH, Na2C03 and impurities 
was dissolved in water and then titrated cold with 0.1 AT HCl, using 
phenolphthalein as indicator. The volume of acid required was 30.00 cc. 
Another 0.2-gram sample of the mixture was taken, dissolved in water 
and titrated with 0.1 N HCl, using methyl orange as indicator. This 
second titration required 40.00 cc. of the acid. What were the percent- 
ages of NaOH and Na2C03 in the sample? 

Since the total volmne of acid required for complete neutralization of 
both compounds was 40.00 cc., and the volume required for the complete 
neutralization of NaOH plus the neutralization of one half of the Na2C03 
was 30.00 cc., the difference in volume between the first and the second 
titration was 10 cc., which represents the volume required for one half of 
the Na2C03. Therefore the volume required for the complete neutral- 
ization of the Na2C03 is 20 cc., and the volume required for the complete 
neutralization of the NaOH is likewise 20 cc. The milliequivalent 
weight of NaOH is 0.04000, and the milliequivalent weight of Na2C03 
is 0.0530. 

Therefore 

20.00 cc. X 0.1 X 0.04000 

IQQ 

0.2 gram 

and 

20.00 cc. X 0.1 X 0.0530 
0.2 gram 

5. A Mixture of Na 2 COz and NaHCOz- If a mixture of Na2C03 and 
NaHC03 is titrated with acid, using phenolphthalein indicator in a cold 
solution, the end point will come when one half of the Na2C03 is neutral- 
ized, which is equivalent to the transformation of all the carbonate into 
bicarbonate. The bicarbonate originally present, as well as that formed 
from the carbonate, will be neutral toward this indicator. A second 
titration, in the presence of methyl orange, will give an end point when 
both compounds are completely neutralized. 

As an example, suppose that a 0.2-gram sample of a mixture of 
Na2C03, NaHC03 with inert material was titrated with 0.1 HCl, 


= 40.00 per cent of NaOH 
= 53.00 per cent of Na2C03 
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using phenolphthalein as indicator. The volume of acid required was 

10.00 cc. Wh(m the sample was titrated with methyl-orange indicator 
the volume of 0.1 iV II Cl required for complete neutralization was 

30.00 cc. 

Since in the first titration the Na2C03 was half neutralized and none 
of the bicarbonate reacted with the acid, the volume of acid required for 
complete neutralization of the Na2C03 is 2 X 10.00, or 20.00 cc. In the 
second titration, since a total of 30.00 cc. of acid was required and 

20.00 cc. of this were used by the Na2C03, the volume reciuired for the 
NallCOs was 10.00 cc. The milliequi valent weight of Na2C03 is 
0.0530, and that of NallCOa is 0.0840. 

Therefore 

20.00 cc. X 0.1 X 0.0530 

0.2 gram 

and 

10.00 cc. X 0.1 X 0.0840 

0.2 gram ^ 

Volume Relationships. The relationships in the volumes of acid 
used may be summarized as follows: 


Volume Relation Substance 

Same volume for both indicators NaOH 

No volume for P.P NalTCOs 

Twice the volume for M.O. as for P.P Na 2 C 03 

More than half the tot^al volume for P.P NaOH and Na 2 C 03 

Less than half the total volume for P.P NaHCOa and Na 2 C 03 


The important fact, which is the key to the solution of mixed-alkali 
and double-indicator problems, is that phenolphthalein is neutral to 
bicarbonates when used in a cold solution. 

PROBLEM SET 7 

Adjustment op Solutions; Mixed Alkali Calculations 

121. What volume of water would you add to 950 cc. of a 0.1267 N HCl solution 

in order to make it exactly 0.1 N? Am. 253 cc. 

122. If an HCl solution has a Na2C08-titre of 0.02578 and 750 cc. are available, 
what volume of concentrated HCl (sp. gr. 1.19) should be added in order to make it 
0.5 AT? 

123. How much pure NaOH should be added to 800 cc. of 0.09500 N solution in 

order to make it exactly 0.1 N? Am. 0.1600 gram. 

124. A solution was prepared by dissolving 8.5 grams of NaOH and 6.2 grams of 


100 = 53.00 per cent of Na2C03 

100 = 42.00 per cent of NaHC03 
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KOH in water and diluting to 1 liter. How much of either substance should be 
added in order to make the solution exactly 0.5 N? 

126. Suppose 500 cc. of 0.4678 N NaOH are mixed with 500 cc. of 0.5473 N 
NaOH. What is the normality of the resulting mixture, assuming one liter of 
mixture? How much water must be added to a liter of this mixed solution in order 
to make it 0.5 N? Am. 0.5076 N; 15 cc. 

126. In a certain determination of a basic sample in which exactly 50.00 cc. of 
0.1185 N IT2SO4 were added (this volume knowm to be excess for the neutralization) 
a back titration with 8.50 cc. of 0.1326 N NaOH was employed. If the normalities 
had been the same, what volume of NaOH solution would have been used? 

127. A hydrochloric-acid solution was found to contain 3.7550 grams of pure 
IICl ])er liter. If it is desired to dilute this solution so that the Na2C03-titre is 
0.005300, how much water should be added to 950 cc. of this solution? 

Am. 28.5 cc. 

128. In titrating a l-gram sample of impure Na2C03 with HCl, what must be the 
normality of the acid in order that each cubic centimeter should represent 2 j)er cent 
of Na2C03? 

129. What weight of soda ash should be taken for analysis so that, when titrated 

with 0.1258 A HCl solution, tlic volume of acid required will equal directly the 
percentage of Na2C08 in the sample? Am. 0.6668 gram. 

130. If, in titrating 1-gram samples of caustic soda (NaOH) with standard 
H2SO4, what should be the NaOH-titre of the standard H2SO4 used in order that 
each cubic centimeter will represent 0.5 of 1 per cent of NaOH? 

131. If a sample is known to consist of equal parts by weight of NaOH and 

Na2C03 and 0.2-gram samples are taken for analysis, what volumes of 0.1 A HCl 
will be required for titration, using respectively, phenoli)hthalein in the cold and 
methyl orange as indicators? Am. 34.44 cc.; 43.87 cc. 

132. A sample of material known to be either NaOH, NaC02 or NaHCOs was 
titrated with sUindard HCl. In the first titration, using phenolphthalein, in a cold 
solution, the volume of acid required was 20 cc. In a second titration, using the 
same weight of sample, but methyl orange as indicator, the volume of acid required 
was 40 cc. What substance was present? 

133. A 1-gram mixture of equal parts of Na2C03 and NaHCOs is titrated using 
phenolphtlmlein. Another 1-gram sample is titrated using methyl orange. What 
volumes of 0.5564 A 112804 are required in each titration? 

Ans. 8.48 cc.; 27.64 cc. 

134. A sample of soda ash, consisting of Na2C03, NaHCOs and inert impurities, 
was subjected to differential titration. If 1.224-gram samples are titrated, respec- 
tively, with phenolphthalein in the cold, and with methyl orange as indicators, using 
20.52 cc. of 0.5 A HCl in the first titration and 43.44 cc. of the acid in the seco4d 
titration, what are the percentages of the two alkaline constituents in the sample? 

/•136. A 2-gram sample of impure NaOH was dissolved and diluted to 500 cc. 
100 cc. of this solution required 47.23 cc. of an HCl solution which has a Na2C03-titre 
of 0.0050, using phenolphthalein as indicator. Methyl orange was then added and 
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the titration continued until this second indicator changed color, requiring an 
additional 2.50 cc. of the acid. What were the percentages of NaOH and Na 2 C 08 
present? Ans. 6.25 per cent Na 2 COs; 

42.21 per cent NaOH. ^ 

136. Impure caustic potash (KOH) usually contains, in addition to inert impuri- 
ties, some K 2 CO 3 . Suppose a 5-gram sample were dissolved, diluted to 250 cc. and 
aliquot volumes of 50 cc. each taken for titration. The acid used had a KOH-titre 
of 0.02194. If the sample contained 90.00 per cent of KOH and 2.00 per cent of 
K 2 CO 3 , what volume of acid are required for the cold, phenoli)hthalein and the 
methyl-orange titration? 

137. A sample of impure KHCO 3 weighing 1.1250 grams required 8.82 cc. of 

0.1255 N HCl for a phenolphthalein titration. A 1.500-gram sample required 
72.25 cc. of 0.1255 N HCl for a methyl orange titration. Calculate the percentages 
of KHCO 3 and K 2 CO 3 . Ans. 13.60 ])er cent K 2 CO 3 ; 

40.80 per cent KHCO 3 . 

138. If 35.00 cc. of a HCl solution are required for the titration, using methyl 
orange as indicator, of a 1 -gram sample of a mixture containing equivalent amounts 
of Na 2 C 03 and NaHCOs, what is the normality of the solution? 

139. A mixture of cquimolecular amounts of NaOH and Na 2 C 03 was titrated, 
with methyl orange as indicator. What volume of 1 AT HCl solution was required 
for the neutralization of a sample weighing 1.4600 grams? 

Ans, 30 oc. 

140. A mixture of pure NaHCOs and Na 2 C 03 required 17.28 cc. of 0.4024 N HCl 
for the titration of 1 .4268 grams of the mixture when phenolphthalein was used in a 
cold solution. An additional volume of 38.12 cc. of the acid was required, with 
methyl orange as indicator. What amounts of the two substances were present in 
the mixture? 



CHAPTER VI 


THE CALCULATIONS OF OXIDATION AND REDUCTION 

PROCESSES 

There are so many substances which can be quantitatively oxidized 
or reduced and such a considerable number of excellent reagents available 
that it is not surprising that these methods are the most numerous in the 
entire field of quantitative analysis. The stoichiometric calculations, 
common to all volumetric procedures and already amply illustrated for 
precipitation and neutralization methods, are practically identical 
throughout and need not be discussed here in great detail. The same 
considerations in regard to the preparation and standardization of the 
titrating solutions and the final calculation of the results of a determina- 
tion apply equally well to oxidation and reduction processes. One may 
employ, as a matter of personal choice, either the titre system or the 
normality system in standardization and in the calculation of the final 
result. It is to the advantage of the student to become thoroughly 
familiar with both. 

For any analytical method, one must know the reaction upon which 
the method is based. The chemical equation for the reaction must be 
written in order that the stoichiometric relationships are clearly indi- 
cated. It is particularly important that the equation for an oxidation- 
reduction reaction be written especially where the normal system is to be 
used. The balancing of such equations frequently gives the student 
some difficulty. 

Reactions, in aqueous solutions, take place either because ions unite 
or ions gain or lose electrons. An oxidation takes place when an ion 
loses electrons; reduction when electrons are gained. An oxidation- 
reduction reaction is therefore the exchange of electrons from the reduc- 
ing ion to the oxidizing ion. This manifests itself in a change of valence. 
The valence of a reducing agent is increased in a positive direction when 
it is oxidized because it has lost one or more negative charges (electrons). 
Conversely, an oxidizing agent, by gaining one or more electrons, suffers 
a decrease in positive valence, i.e., an increase in a negative direction. 

To write and balance the equations for oxidation-reduction reactions, 
the molecular formulas for the reactants and products of reaction are first 
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set down. Second, the unbalanced equation is rewritten in ionic form. 
Third, the change undergone by the oxidizing ion, showing the number of 
electrons gained, is written as a partial or half-cell reaction. Fourth, the 
reducing ion receives similar treatment. Fifth, by adding the two half- 
cell reactions and canceling out the number of electrons gained in the one 
half-cell reaction and lost in the other half-cell reaction, the completed 
ionic equation can usually be assembled, adjustment being made if 
necessary for the hydrogen or hj^droxyl ions or water involved. Sixth, 
the balanced molecular (equation is th(m written. 

Obviously, in balancing such equations, the electron transfer must 
be determined. In other words, the most important rnfitter to decide is 
how many electrons are lost by one component and gainc^d by the other. 
There are two somewhat different, yet intc^rdependent, v ays of finding 
the nmnber of electrons exchanged. One of these is to determine the 
valence change undergone by the atom in qu(\stion; the other is a purely 
electrical method of balancing positive and negative charges on the ions. 
The former is the valence-electron method and the latter the ion-elec- 
tron method. 

These methods are illustrated in the following example. 

Example 1 , Balanc(^ the equation for the reaction between KMn04 
and ferrous sulfate in an acidified solution. 

In this reaction, considered from a molecular standpoint, the ferrous 
sulfate is oxidized by the potassium permanganate to ferric sulfate, the 
permanganate is reduced to manganous sulfate, together with the forma- 
tion of water and potassium sulfate. In unbalanced form the molecular 
equation is 

KMn04 + H2SO4 + FeS04 — > MnS04 - 4 " H2O + K2SO4 4 ” Fe2 (804)3 

The actual ionic change is 

Mn04’' + 4 “ Fe-^+ Mn++ 4 - H2O 4 - Fe+++ 

thus stripping the equation of its unessential components. The change 
undergone by the Mn04“ is represented by the half-cell reaction 

Mn04” 4 - + xe Mn++ 4 - H2O 

where xe represents the number of electrons required for the change. 

The change for the ferrous ion is 

^ Fe+++ + ye 


where ye represents the number of electrons given up by one ferrous ion. 
From a valence-change standpoint, the valence of manganese in 
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KMn04 is +7, since in the neutral molecule we have K*^^Mn+^04“’®, 
and this on reduction in an acidified solution, goes to a valence of 2 in the 
Mn++ ion. A valence decrcasci of 5 takes place. Therefore 5 electrons 
arc required for the change. The 4 oxygens require 8H+ to form 4H2O. 
The balanced half-cell reaction is therefore 

Mn04- + 8H-^ + 5e ^ Mn++ + 4H2O 

In the ion-electron method, the electrical charge on the ions as units 
is considered. For the same half-cell reaction 

Mn04“ + H+ + xe Mn++ + H2O 

the hydrogens and oxygens are first balanced chemically, requiring 811*^ 
to react with 40 to produce 4H2O, the water being electrically neutral: 

Mn04- + 8H+ + xe-> Mn++ + 41120 

For this reaction to be electrically neutral, we have on the right 2 posi- 
tive charges and on th(i left 1 negative charge on the Mn04 ion and 8 
positive charges on th(^ hydrogen ions or a net charge of +7. This 
obviously required 5 negative charges (electrons) for neutrality, and the 
value of Xj now arrived at without valence considerations of the mangan- 
ese in the KMn04, is as before, namely 5. The completed half-cell 
reaction is therefore 

Mn04“ + 8H+ + 5e;^ Mn++ -f 4H2O 
In the other half-cell reaction 

Fe++ Fe++-^ + ye 


it is evident that the oxidation of one ferrous ion to the ferric state is the 
result of the loss of one electron. Therefore 

Fe+-^ Fc+++ + \e 


In order to supply the 5 electrons needed for the reduction of one ion 
of Mn04“’, 5 ferrous ions are oxidized, hence 

5Fe++ ^ 5Fe++^- + be 

Completing the ionic equation : 

Mn04’’ + 8H+ + 5e ^ Mn++ + 4H2O 

5Fe++ ^ 5Fe+++ + be 


Mn 04 “ + 8H+ + 5Fe-^+ ;:± Mn++ + 4 H 2 O + 5Fe++^“ 
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The molecular equation can now be written providing for all prod- 
ucts: 

2KMn04 + 8H2SO4 + 10FeSO4= 

2MnS04 + 8H2O + 5Fe2(S04)3 + K2SO4 

the ionic equation having been doubled for the sole purpose of providing a 
balance for the potassium and sulfate ions. 

In simple cases, which do not involve oxy-ions and where the valence 
changes are self evident, the valence-electron method is the simpler. In 
other cases, especially where the valence is not readily ascertained by 
inspection, the ion-electron method is preferable. 

Equivalent Weights and Normal Solutions. A gram-equivalent 
weight is defined as that weight of substance which will involve, directly 
or indirectly, 1.008 grams of hydrogen. When an atom of hydrogen is 
oxidized to hydrogen ion, an electron is given up: 

+ e 


and this means that the gram-equivalent weight, 1.008 grams, of hydro- 
gen is associated with one electron transfer. Hence for oxidizing and 
reducing substances, to be equivalent to this, the gram-atomic or gram- 
molecular weight is divided by the number of electrons lost or gained. 
This corresponds to the change in valence. 

Example 2. What is the gram-equivalent weight of iron? 

In all reactions in which iron is oxidized or reduced the ionic change is 

Fe++ Fe+++ + \e 


The number of electrons lost or gained is one per ion. The gram-atomic 
weight therefore constitutes a gram-equivalent weight and the gram- 
equivalent weight of any compound of iron must contain one gram- 
atomic weight of iron (55.84 grams). Applied specifically to the reaction 

2KMn04 + 8H2SO4 + 10FeSO4 = 2MnS04 + 8H2O 


+ 5Fe2(S04)3 + K2SO4 

{when 10FeSO4 are involved, the gram-equivalent would be — 
one gram-molecular weight of FeS04. 


or 


Example S. What weight of KMn04, to be used in an acidified solu- 
tion, should be taken for the preparation of a liter of normal solution? 
In other words, calculate the gram-equivalent weight of KMn04 when 
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used in a reaction, such as in the determination of iron, as shown in the 
equation 

2KMn04 + 8H2SO4 + 10FeSO4 = 2MnS04 + 8H2O 


+ 5Fe2(S04)3 + K2SO4 


Since the number of electrons gained by one ion of Mn04~, or one 
molecule of KMn04, is 5, as shown in the half-cell reaction on page 89, 
the equivalent weight is one-fifth of the gram-molecular weight 


( 


. , 2KMn04\ 

or, as in the reaction above, — \ . 


This is 


158.03 


“, or 31.61 grams. 


Example What weight of K2Cr207 would be required to make 
a liter of 0.1 JV solution of this reagent to bo used in the oxidation of fer- 
rous ion? 

The reaction, in unbalanced form, is 


K2Cr207 + HCl + FeCl2 CrCIs + H2O + FeCls + KCl 
Rewritten in ionic form it is: 


Cr207* + H+ + Fe++--^Cr+++ + H2O + Fe+++ 

The electron exchange is determined from the half-cell reactions 
Cr207'' + 14H + Oe ;i± 2Cr+++ + THoO 
6Fe++ 6Fe+++ + 6a 

and the balanced molecular equation becomes 
K2Cr207 + 14HC1 + 6FeCl2 = 2CrCl3 + 7H2O + 6FeCl3 + 2KC1 


From this it is seen that 6 electrons are required to reduce the Cr207- 
ion to the Cr'*’+‘*' state, or each chromium atom is decreased in valence 
from +6 to +3. The molecular weight of K2Cr207 is therefore divided 

294.21 

by 6. The gram-equivalent weight is therefore — - — , or 49.03 grams, 

6 

and for a liter of exactly 0.1 AT solution there would be needed 4.903 
grams. 

Oxidation-Reduction Reactions Applied to Volumetric Methods of 
Determination. Among the oxidizing agents which are extensively 
employed in the form of standard solutions are potassium permanganate, 
potassium dichromate, iodine, potassium iodate and potassium bromate. 
Reducing agents, employed in conjunction with these oxidizing solutions 
and usually added as standardized solutions, are ferrous sulfate, oxalic 
acid, sodium thiosulfate and sodium arsenite; potassium iodide is 
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extensively used in nnstandardized form for the liberation of iodine in 
iodometric methods (see page 94). 

The uses of these reagents, and the calculations involved in their use, 
are taken up in some detail in the following sections. 

Dichromate and permanganate methods will be considered first. 
Methods involving the halogens will then be taken up. The chapter on 
oxidation and reduction methods closes with additional applications. 

DICHROMATE AND PERMANGANATE METHODS 

Many important methods of determination are based on the oxida- 
tion of the constituent by standard solutions of K2Cr207 and KMn04 
and reduction by FeSOi and H2C2O4. These standard reagents are 
usually employed in conjunction with each other in the following pairs: 

Dichromate with ferrous sulfate. 

Permanganate with ferrous sulfate. 

Permanganate with oxalic acid. 

The derivation of the gram-equivalent weights for KMn04, K2Cr207 
and FeS04 has already been discussed, along with the preparation of so- 
lutions of these reagents. 

Standardization of dichromate solutions may be made with elec- 
trolytic iron, although pure K2Cr207 is now procurable for direct prepar- 
ation of solutions of desired strength. Permanganate solutions may be 
standardized with electrolytic iron, but pure Na2C204 is more desirable. 
The reducing solutions are usually standardized by secondary standard- 
ization against the oxidizing reagents. 

Example 5, How much Na2C204 should be used for the standard- 
ization of an approximately 0.2 iST solution of KMn04 if not more than 
40 cc. of the permanganate solution are to be used? 

In the process, the sodium oxalate is acidified with H2SO4, thus 
producing free H2C2O4. The reduction of the permanganate then pro- 
ceeds according to the reaction 

2KMn04 + 3H2SO4 + 5H2C2O4 = 2MnS04 + 8H2O + IOCO2 + K2SO4 
The electron loss of the oxalate ion is 

C2O4- ^ 2CO2 + 26 
and the equivalent ratios are 

2KMn04 5H2C2O4 


10 


10 
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giving the equivalent weight of H 2 C 2 O 4 as — ~ — and, for Na?C 204 , 

one half of its gram-molecular weight. The equivalent weight of 
Na2C204 is approximately 67 grams and the milliequi valent weight 
0.067 gram. For the anticipated volume of 40 cc. of a 0.2 iV solution, 
the weight of Na 2 C 204 required is therefore 

0.067 X 0.2 X 40 = 0.5360 gram 


PROBLEM SET 8 

Calculations op Dichkomatb and Permanganate Processes 

141. Calculate (a) the Fe-titre; (6) the Fe203-titre; (c) the FeS04-titre of a 
0.2500 N solution of KMn04. 

Ans. (a) 0.01396; (6) 0.01996; (c) 0.03796. 

142. If 27.25 cc. of a FeS04 solution are equivalent to 28.50 cc. of a K2Cr207 
solution and the latter is exactly 0.1 N, what is the normality of the FeS04 solutior? 

143. If 0.2240 gram of pure iron is used in the standardization of a K2Cr207 
solution and 35.00 cc. of the solution are employed, what is (a) the Fe-titre and 
(6) the normality of the K2Cr207 solution? 

Ans. (a) 0.006400; (6) 0.1146 iV'. 

144. What weight of iron wire 99.87 per cent pure should be used for the 
standardization of an approximately 0.1 JV solution of K2Cr207 if not more than 
37.00 cc, are to be employed in the titration? 

146. How many grams of K2Cr207 and of FeS04 *71120 will be required for the 
preparation of liter quantities of 0,1500 N solutions? 

Ans. 7.356 grams; 41.70 grams. 

146. What weight of pure iron wire should be taken for the standardization of a 
0.12 N solution of KMn04 if not more than 40.00 cc. of the solution are to be used? 

147. In standardizing a KMn04 solution with pure Na2C204 it was found that 
0.2345 gram of the pure oxalate reacted with 34.50 cc. of the KMn04. What is 
(a) the Na2C204“titre and (5) the normality of the KMn04 solution? 

Ans. (o) 0.006797; (6) 0.1015 iST. 

148. The CaO-titre of a certain KMn04 solution is 0.002800. How many grams 
of K2Cr207 must be taken to make a liter of potassium dichromate of the same 
strength? 

149. Calculate the normality of a KMn04 solution from the following data: 

28.56 cc. of KMn04 <5= 32.15 cc. of FeS04; 26.23 cc. of K2Cr207 o 28.97 cc. of 
FeS04; 1 cc. of K2Cr207 = 0.005484 gram Fe. Ans. 0.1001 N. 

160. It was found by titration that 30.00 cc. of a 0.1067 N solution of K2Cr207 
required 32.60 cc. of a FeS04 solution; 30.50 cc. of a FeS04 solution required 32.00 cc. 
of a KMn04 solution; and 33.20 cc. of a KMn04 solution required 34.40 cc. of an 
H2C2O4 solution. What was the normality of the H2C2O4? 
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161. In the determination of Ca in limestone, it was found that the CaC204 
precipitate obtained from a 0.2500-gram sample required 45.65 cc. of a 0.1 iV^ solution 
of KMn04. Calculate the percentage of calcium in the sample. 

Ans. 36.59 per cent. 

152. Calculate the percentage of iron in a 0.5000-gram sample of iron ore if the 
titration required 40.25 cc. of 0.1250 N KMn04 and 2.50 cc. 0.1467 N FeS04 solution. 

163. Calculate the percentage of chromium in a chromium ore if, after conversion 

of the chromium to the Cr207*' form, the titration required 33.65 cc. of 0.2 N FeS04. 
The sample of chromium ore weighed 0.6223 gram. Ans, 18.75 per cent. 

164. An ignited residue consisting of a mixture of AI2O3 and Fe203 which was 
obtained in a gravimetric analysis of limestone weighed 0.2500 gram. This was 
dissolved and the iron titrated with 0.1 iV K2Cr207 requiring 30.25 cc. Calculate 
the weight of FC2O3 and of AI2O3 in the above residue. 

166. How much water should be added to a liter of KMn04, having an Fe-titre 
of 0.006000 which is to be used for oxidation in an acid medium in order to make the 
solution exactly 0.1 A? Ans. 74 cc. 

166. How much water should be added to 950.0 cc. of a solution whose Fe-titre 
is 0.005642 in order that it have an Fe-titre of 0.005584? What is the normality of 
the diluted solution? 

167. What should be the normality of a KMn04 solution so that the volume used 

in a calcium determination should equal the percengage of CaO if the weight of 
sample used is 0.2500 gram? Ans. 0.08916 N. 

168. What should be the normality of a K2Cr207 solution so that the volume used 
in the titration of iron ores represents the percentage of iron in the sample if 
0.7047-gram samples are taken for analysis? 

169. A certain KMn04 solution has an Fe-titre of 0.005436. What weight of 

iron ore (assume to be pure Fe203) should be taken for analysis so that not more 
than 40.0 cc. of the KMn04 solution are required for the titration? m 

Ans. 0.3109 gram. ^ 

t 

160. What weight sample of iron ore should be taken for analysis if the percentage 
of iron in the sample is approximately 50 per cent andjnot over 30.00 cc. of a dichro- 
mate solution, whose Fe-titre is 0.005584, are to be used? 

OXIDATION-REDUCTION CALCULATIONS INVOLVING THE HALOGENS 

The most extensive application of oxidimetric and reductimetric 
methods are those involving iodine, bromine and chlorine and their 
compounds. By suitable use of standard solutions of these and other 
reagents it is possible to determine no less than thirty of the chemical 
elements in hundreds of their compounds. For discussion, the methods 
will here be placed in three groups: 

o. Direct titration with standard iodine, known as iodimetric meth- 
ods. 
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h. Liberation of iodine and its titration with standard reducing 
reagents. These are the iodometric methods. 

c. Use of potassium iodate, with and without potassium iodide; and 
potassium bromate, likewise with and without potassium bromide. 

lodimetric Methods, Many substances are quantitatively oxidized 
by iodine, using a starch solution as indicator. Commonly used in con- 
junction with the standard iodine solution are standard solutions of 
either sodium thiosulfate or sodium arsenite. The iodine is usually 
titrated directly into the solution of the sample whose constituent is to 
be oxidized, until the end point is reached, but in cases where the end 
point is overstepped or an excess of iodine is prescribed, back-titration 
with the standard reducing agent is employed. 

The fundamental reactions between these reagents are: 

(1) I 2 “t" 2 Na 2 S 203 = 2NaI -f- Na2S406 

and 

(2) I 2 + NaaAsOs + 2 NaHC 03 = 2NaI + Na 3 As 04 + 2 CO 2 + H 2 O 

the sodium bicarbonate in reaction (2) being used to neutralize (buffer) 
the HI which otherwise would form and thus cause the reaction to 
reverse. 

lodimetric methods may be used in the determination of arsenites 
and thiosulfates, as already inferred. In analogous manner antimony 
may b(i determined, based on the reaction 

Na 2 HSb 03 + 2 NaHC 03 + I 2 = Na 2 HSb 04 + H 2 O + 2NaI + CO 2 

Sulfides, especially in steel, are normally determined by oxidation with 
iodine, in the presence of acid: 

MnS + I 2 + 2HC1 = S + 2HI + MnCh 

Tin, likewise: 

SnCl 2 + 2HC1 + I 2 = SnCU + 2HI 

Sulfites may be determined by using an excess of iodine with back 
titration with standard thiosulfate or arsenite. 

Equivalent weights for normal solutions are readily derived from the 
equations given. Thus, for iodine, the reaction 

I 2 + 2e ^ 21- 

involves the gain of 2 electrons per molecule or a change in valence from 
0 to — 1 per atom, i.e., a decrease of 2 per molecule. The gram-equiVa- 
lent weight is therefore one half of the molecular weight or the gram- 
atomic weight. 
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For Na2S203, the reaction is 

28203“ 8406“ “h 2c 

and the balanced molecular equation for the interaction between 
Na2S203 and I2 becomes 

I2 4 " 2Na28203 == 2 NaI + Na28406 


A liter of normal solution of the salt Na28203 • 5H2O calls for the gram- 
molecular weight, approximately 248.2 grams. Usually 0.1 AT solutions 
of these reagents are employed in analysis. 

The gram-equivalent weight of Na3As03 or Na2HAs03, determined 
from reaction ( 2 ) already given, is one half of the gram-molecular 
weight, since the electron loss is 2 : 

AsOs® + H 2 O ^ As 04 ® + 2H'^ + 2e 


or a change of valence of the arsenic atom from +3 to + 5 . 

Example L What weight of pure AS2O3 should be used for the 
preparation of a liter of 0.1 AT NasAsOs solution? 

When this is dissolved in NaOH, according to the reaction: 


AS2O3 + 6NaOH = 2Na3As03 + 3H2O 


two molecules of NasAsOs are produced. 


Therefore 


AS2O3 

— - — represents 


the equivalent. This is 49.5 grams and for one-tenth of an equivalent 
weight we need 4.95 grams. 

lodometric Methods. The principle upon which methods of this kind 
is based is the liberation of iodine from KI through the action of the 
constituent being determined and the subsequent titration of the 
liberated iodine with a standard sodium thiosulfate or sodium arsenite 
solution. 


Oxidized form of Constituent +KI—>Reduced form of Constituent +I2. 

The fact that many substances are capable of oxidizing Kl makes 
these methods of wide application. 

Free chlorine can thus be determined by the reaction: 

CI2 + 2KI = I2 + 2 KC 1 

and the same is true for bromine: 


Br2 + 2 KI = I2 + 2 KBr 



CALCULATIONS INVOLVING THE HALOGENS 


97 


Hypochlorites react in the following manner: 

HCIO + 2KI + HCl = I 2 + H 2 O + 2KC1 
Chlorates liberate iodine in accordance with the reaction 


HCIO 3 + 6 KI + 5HC1 - 3 I 2 + 3 H 2 O + 6KC1 
The same is true of bromates and iodates. 

An important determination, frequc^ntly conducted by the beginning 
student in quantitative analysis, is that of copper. The essential reac- 
tion is: 

2 Cu(C 2 H 302)2 + 4KI = I 2 + CU 2 I 2 + 4 KC 2 H 3 O 2 

and the liberated iodine is then titrated with a standard solution of 
sodium thiosulfate: 

I 2 "f" 2 Na 2 S 203 = 2NaI -b Na2S406 


Example 2. A sample of copper ore weighing 0.5129 gram, properly 
treated with acids and then KI, liberated I 2 which was titrated with 
39.86 cc. of 0.1032 N Na 2 S 203 . Vl^hat was the percentage of copper in 
the sample? 

In the relation 2 Cu : I 2 : 2 Na 2 S 203 , the milliequivalent weight of 
copper is seen to be one-thousandth of the gram-atomic weight, that is, 
0.06357. Therefore, 


0.06357 X 0.1032 X 39.86 
0.5129 


X 100 = 50.98 per cent. 


lodate and Bromate Methods. Potassium iodate and potassium 
bromate are strong oxidizing agents and can be used, alone, in the form 
of standard solutions, or, in admixture with KI or KBr, for the deter- 
mination of many substances. With KIO 3 the final reduction product, 
in HCl medium, is iodine monochloride, ICl. When KIO 3 reacts with 
reducing agents the intermediate product is I 2 , which in turn reacts 
with the iodate to destroy the iodine. Titrations of this kind reach an 
end point when the blue color of the liberated iodine is discharged from 
a chloroform or carbon tetrachloride layer in the solution being titrated. 
The reactions by which ICl forms can be seen from the following, where 
KI is the reducing agent : 

KIO 3 + 5KI + 6HC1 = 3 I 2 + 3 H 2 O + 6KC1 
and 

KIO 3 + 2 I 2 + 6HC1 = 5IC1 + 3 H 2 O + KCl 
If the titration is stopped w’^hen the iodate has been reduced to 
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iodine, which can be accomplished in solutions of low acidity, the liber- 
ated iodine can be titrated with standard thiosulfate. Thus iodides can 
be oxidized to free iodine by the reaction 

KIO3 + 5KI + 6HC1 = 3I2 + 3H2O + 6KC1 

and determined in this way instead of effecting the formation of iodine 
monochloride. 

From the equation 

KIO3 + 2I2 + 6HC1 = 5IC1 + 3H2O + KCl 

it is seen that iodine can be determined by direct titration with a stand- 
ard solution of KIO3. Likewise, iodides, as for example, KI, can be 
determined by a similar titration 

KIO3 + 2KI + 6HC1 = 3IC1 + 3H2O + 3KC1 

Among the many other substances that can be determined by titra- 
tion with KIO3, with the formation of iodine monochloride, are arsenites, 
sulfites, thiosulfates, persulfates, tin, antimony and copper thiocyanate. 

Example 3, What is the gram-equivalent weight of KIO3, when 
used in the reaction : 

KIO3 + 2H3ASO3 + 2HC1 - ICl + H2O + 2H3ASO4 + KCl 
From the relation: 

IO3- + 2HC1 + ICl + H2O + 20 + Cl“ 


the iodine changes from a valence of 5 to 1, a total valence change of 4 or 


4 electrons are needed; hence 


KIO 3 

4 


is the equivalent weight. 


Certain substances, moreover, can be determined by use of a mixture 
of potassium iodate and potassium iodide, which react to liberate 
iodine. Iodine, in turn, can then be titrated with thiosulfate. The 
reaction just given for the determination of iodides: 


6HC1 + KIO 3 + 5KI = 3 I 2 + 3 H 2 O + 6KC1 


may be used, as well, for the determination of strong acids like HCl and 
H 2 SO 4 and by special adoption for H 3 BO 3 and certain hydrolyzable 
salts. 

Use of Potassium Bromate. Standardized solutions of potassium 
bromate, KBrOs, are frequently used in the determination of many 
substances. This oxidizing agent may be used either alone or along 
with KBr or KI in a variety of ways. The titration may be stopped 
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either when the bromate has been reduced to bromide or else reduced to 
free bromine. As examples of the first mode of procedure, the deter- 
mination of such substances as the elements tin, iron, arsenic, titanium 
and antimony may be cited. In the case of antimony, the reaction 
proceeds in the following way. 

SSbCla + KBrOa + 9 H 2 O = 3H3Sb04 + 9HC1 + KBr 

The reaction of KBrOa with iodides in an acid solution is an impor- 
tant one 

KBrOs + 6KI + 6HC1 = 3 I 2 + 3 H 2 O + KBr + 6KC1 

Example 4- From the reaction just given derive the gram-equivalent 
weight of KBrOa. 

The ionic reaction is : 


BrOs “1- I + H"*" = I 2 “I" H 2 O -f* Br 
BrOa- + 6H+ + 6e:^ Br" + 3 H 2 O 
3(21- I 2 + 2e) 

BrOa- + 61 + 6H+ ;=± 3 I 2 + Br- + 3 H 2 O 
The electron transfer is 6 (a change of valence from + 5 to — 1). Then 
or one-sixth of the gram-molecular weight, is the gram-equiva- 


lent weight. 

Further illustrations of uses, as well as suggested calculations, are 
illustrated in the accompanying problem set. 


PROBLEM SET 9 

Calculations Involving Halogens in Volumetric 
Oxidation-Reduction Processes 

161. What weights of pure (a) I 3 , ( 6 ) A 82 O 3 and (c) Na 2 S 205 are required for 
liter quantities of 0.05 N solutions of these reagents, the AS 2 O 3 being converted by 
NaOH into NasAsOs? Calculate the I^titres, the A 8203 -titres and the Cu-titres of 
these solutions. 

Ana, 6.347; 2.473; 7.905; 0.00635; 0.002473; 0.003179. 

162. If 0.2500 gram of pure AS 2 O 8 was required for the standardization of an 
iodine solution using 28.65 cc. of the iodine and 1.50 cc. of Na 3 As 08 (1 cc. I 2 1.20 cc. 
NasAsOs), what are (a) the As-titres of the two solutions and ( 6 ) their normalities? 

163. What would be a suitable weight of pure re-sublimed iodine to use (a) for 
the standardization of a 0.01 N Na 2 S 208 solution? ( 6 ) for the standardization of a 
0.01 N NasAsOs solution in each case using 40 cc.? 

Am, 0.0508 gram; 0.0508 gram. 
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164 . What weight of AS2O3 would you take for the preparation of a liter of 
0.5 N sodium arsenitc solution (AS2O3 4- GNaOH = 2Na3As03 -h 3H2O) to be used 
in conjunction with iodine according to the following reaction: 

NasAsOs -h I2 + H2O = Na3As04 + 2HI 

How much Na2S203 would be required for a liter of 0.6 iV solution according to the 
following reaction: 

2Na2S203 4- 12 = Na2S406 4- 2NaI 

For the preparation of a 0.5 AT solution of I2 in the above reactions, how much I2 
would be required? 

166 . Calculate the percentage of AS2O3 in a sample of an arsenical preparation 
if a 0.5000-gram sample requires 34.68 cc. of iodine solution which contained 
0.01250 gram of iodine per cubic centimeter. Ans. 33.80 per cent. 

166 . What is the purity of a sample of disodium arsenite Na2HAs03 if 36.42 cc. 
of a 0.1 solution of I2 are used in titrating a 0.3500-gram sample? 

167 . What is the i)ercentage of AS2O3 in a sample of disodium arsenite, Na2HAs03, 

if 36.54 cc. of 0.1 iV I2 are used in titrating a 0.2000-gram sample? If the material 
is listed as sodium metarsenitc, NaAs02, what will be the percentage of AS2O3 using 
the same data? Ans. 90.38 per cent. 

168 . To make an iodine solution exactly O.l N how much water should be added 
to 860 cc., the iodine solution being 0.1562 iV? 

169 . In order that each cubic centimeter of a Na2S203 should represent 1 per cent 
of Cu, what should be its normality if a 2.0000-gram sample is analyzed? 

Ans. 0.3146 N. 

170 . A 3.0000-gram sample of steel was treated with HCl, the evolved H2S 
precipitated as CdS and the CdS dissolved in an acidified solution containing 50.00 cc. 
of O.Ol N iodine solution. The excess iodine was titrated with 46.52 cc. of 0.01 N 
NasAsOs solution. Calculate the percentage of sulfur in the steel. 

171 . Calculate the percentage of antimony in a sample of antimony ore from the 

following data: The determination required 32.65 cc. of iodine, which in standardiz- 
ing required 0.1478 gram of pure AS2O3 for 30.00 cc. of iodine. The weight of sample 
was 0.9637 gram. Ans. 12.6 per cent. 

172 . The iodine liberated from KI by FeCls in a hydrochloric-acid solution, by 
the reaction: 

2FeCl3 4- 2KI = 2FeCl2 4- 12 4- 2KC1 

may be used, with certain precautions, as the basis for the determination of iron. 
If the iodine liberated in the above reaction requires 33.00 cc. of 0.1 iV sodium thio- 
sulfate solution, what weight of Fe was represented? 

^178. The ore, pyrolusite (impure Mn02), was at one time extensively used as a 
source of chlorine, which is evolved when the ore is treated with HCl: 


Mn02 4“ 4HC1 = CI2 4" MnCl2 4" 2H2O 
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If, in evaluating a sample of this ore, the CI 2 is passed into KI solution, where the 
reaction 

CI 2 + 2 KI = I 2 + 2KC1 

takes place, and the free iodine is titrated with 0.1 iV Na 2 S 203 solution, what is the 
percentage of availal^le chlorine, the weight of sample being 0 . 2 t )5 gram and the 
volume of Na 2 Si 03 being 18.72 cc.? Am. 25.05. 

174. If a 10-cc. sample of hydrogen peroxide requires 27.65 cc. of a 0.4975 N 
solution of Na 2 S 203 for the reduction of the iodine liberated in the reaction 

H 2 O 2 + 2 KI + 2HC1 = 2 H 2 O + I 2 + 2KC1 

what is the percentage of II 2 O 2 in the sample? 

175. A sample of a chromium ore was oxidized to Na 2 Cr 04 by a sodium peroxide 
fusion, and this, after removal of iron and other impurities, treated with HCl to 
convert it into Na 2 Cr 207 . An excess of potassium iodide was then added, liberating 
iodine in accordance with the reaction 

Na 2 Cr 207 -f 6KI + 14HC1 = 2CrCl3 + 7 H 2 O + 3 I 2 + 2NaCl + 6KC1 

The liberated iodine was titrated with 38.65 cc. of 0. 1 AT Na 2 S 203 solution. If the 
weight of sample was 1.2230 grams what was the percentage of chromium in the 
sample? Am. 5.48 per cent. 

y' 176. Balance the following equations showing the electrons lost and gained: 

H 2 Cr 04 + HCl + KI CrCla + H 2 O + I 2 + KCl 

HgCl + KIO 3 -I- HCl HgCl 2 + ICl + H 2 O + KCl 

KBrOa + KBr + HCl Br 2 + H 2 O + KCl 

177. Balance the following equations, with half-cell reactions showing the elec- 
tron transfers: 

AuCls + KI = Aul + I2 + KCl 
Mn02 + HCl = MnCl2 + H2O + CI2 
Na 2 S 203 + KIO 3 + HCl = Na 2 S 04 -f ICl + H2O + K 2 SO 4 

178. From the reaction 

KIO 3 + SKI + 6HC1 = 3 I 2 + 6KC1 + 3 H 2 O 

calculate the gram-equivalent weight of KIO3. 

^^ 79 . How much I 2 will be liberated from 35.67 cc. of 0.1482 N K 2 Cr 207 solution 
when treated with KI and HCl? Am. 0.6709. 

\/l80. Calculate the percentage of CaOCl 2 in a 0.2500-gram sample of bleaching 
powder which was treated with excess KI and acidified with HCl, and the iodine 
liberated in the reaction 

CaOCl2 + I~ + H+ « I2 + H2O + CaCl2 

was titrated with 30 cc. of 0.05 N Na2S203 solution. 
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FURTHER APPLICATIONS OF OXIDATION AND REDUCTION REACTIONS 
TO VOLUMETRIC PROCEDURES 

In the following set of problems (Problem Set 10) are presented 
additional problems which further illustrate the calculations and methods 
of analysis in this important field of analytical chemistry. With the 
previous practice the student has had in calculations involving the 
preparation and standardization of solutions, titres and normalities 
and general titration procedure, it is deemed unnecessary to discuss 
further such calculations or to offer additional illustrative examples. It 
has been the aim to present, in this final set, problems of somewhat 
greater difficulty and more complex nature in order to test the student's 
full grasp of volumetric calculations. 

PROBLEM SET 10 

Additional Oxidation-Reduction Calculationb 

181 . Ceric sulfate, procurable as the double ceric ammonium sulfate, Ce(S04)2‘ 
2(NH4)2S04*2H20, is coming into use as a standard oxidizing reagent. If 35.00 cc. 
of a 0.1 iV" solution of this reagent are required to oxidize the iron in a 1-gram sample 
of iron ore, what is the percentage of iron in the sample? The ionic reaction is: 

Ce++++ -h Fe++ = Ce+++ -f Fe+++ 

Ans. 19.54 per cent. 

182 . The manganese in a 1-gram sample of a ferro alloy was oxidized to Mn02 
by means of KCIO4. The Mn02 was dissolved in 0.3000 gram of FeS04 -71120: 

Mn02 + 2FeS04 -7H20 -f 2H2SO4 = MnS04 -f Fe2(S04)8 + OHzO 
The excess of ferrous sulfate was titrated with standard KMn04, whose Fe-titre was 
0 . 003268 . 

2KMn04 “}“ 8H2SO4 10FeSO4 ~ 2MnS04 + 5Fe2(S04)3 H- K2SO4 -|- 8H2O 
requiring 16.56 cc. Calculate the percentage of manganese in the alloy. 

183 . A sample of pyrolusite (impure Mn02) weighing 0.4000 gram was treated 
with 50.00 cc. of 0.5 N oxalic acid solution: 

Mn02 + H2C2O4 4 - H2SO4 = MnS04 + 2CO2 + 2H2O 

The excess of oxalic acid was then titrated with 0.5 N KMn04 requiring 35.50 cc. 
Calculate the percentage purity of the sample. Ans. 78.79 per cent. 

184 . A student employed a standard solution of KMn04 (Fe-titre = 0 . 005500 ) 
as a means of standardizing a Na2S203 solution which he wished to use in a copper 
determination. He treated 35.00 cc. of the permanganate solution with an excess 
of KI 

2KMn04 + 8H2SO4 + lOKI * 2MnS04 + 6I2 -f 8H2O -|- 6K2SO4 
and titrated the liberated I2 with 37.82 cc. of the Na2S203 solution: 

I2 4 “ 2Na2S203 2 NaI 4 " Na2S40e 
Calculate the Cu-titre of the NaaS^Oa. 
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186. Titanous chloride is sometimes used, with certain precautions, as an effective 
standard reducing reagent. It may be used particularly in the determination of 
ferric iron: 

TiCls + FeCla = TiCU + FeCl2 

How much TiCL would be required for the preparation of a liter of 0.1 JV solution? 
How much pure iron would be required to standardize such a solution, if it were 
planned to use 40.00 cc. in the standardization titration? 

Arts. 15.43 grams; 0.2234 gram. 

186. If a freshly prepared standard solution of SnCL is used to titrate the iron in 
a sample of FeCL, by reduction 

2FeCl3 -f SnClz = 2FeCl2 + SnCU 

what is the weight of iron in the sample, 27.32 cc. of the SnCl 2 being required, the 
solution being 0.5 N1 

187. In standardizing a Na 2 S 203 solution, by titrating the I 2 liberated from KI 
by the action of a standardized solution of K 2 Cr 207 , in accordance with the following 
reactions: 

K 2 Cr 207 + 14 HC 1 -f 6 KI = 2 CrCl 3 -f 7H2O -f 8 KC 1 + Sla 

and 

I2 4 " 2Na2S203 = 2 NaI + Na2S406 

the following data were secured: volume of K 2 Cr 207 used = 32.35 cc.; normality 
of K 2 Cr 207 solution = 0.1050; volume of Na 2 S 203 used = 35.00 cc. Calculate the 
normality of the Na 2 S 203 solution. Am. 0.09706 N. 

188. If 50.00 cc. of a 0.1 KMn 04 solution acidified with sulfuric acid are placed 
in a bejiker and from a burette are added 35.75 cc. of HNO 2 , what is the weight of 
pure HNO 2 in the sample? The reaction that takes place is: 

2KMn04 -f 3 H 2 SO 4 -f 5 IINO 2 = 2MnS04 -f 5 HNO 3 + 3 H 2 O + K2SO4 

189. Hydrogen peroxide reacts with KMn 04 in an acidified solution in accordance 
with the following reaction: 

2KMn04 + 4H2SO4 + 5H2O2 2MnS04 + 8H2O 4 * 502 4 - 2KHSO4 

Calculate the gram-milliequivalent weight of hydrogen peroxide. If 1 cc. of the 
commercial H 2 O 2 after dilution and acidification is titrated with 20.50 cc. of a 
0.1162 N KMn 04 solution, what is the percentage of H 2 O 2 in the sample? 

Ans. 0.01701 ; 4.05 per cent. 

190. If you were to mix 30.00 cc. of a 0.09762 N solution of K 2 Cr 207 and 20.00 cc. 
of a 0.1075 N solution of KMn 04 and then acidified and treated the mixture with an 
excess of KI, Vhat volume of 0.1 N Na 3 As 03 would be required to titrate the liberated 
iodine? The reactions taking place are: 

K 2 Cr 207 4 - 7H2SO4 4 - 6 KI * Cr 2 (S 04)3 4 - 7H2O 4 - 3I2 4 - 4K2SO4 
2KMn04 4 - 8H2SO4 + lOKI = 2MnS04 + 8H2O -f 5I2 + 6K2SO4 
NaaAsOs + I 2 4 - 2 NaHC 03 * Na 3 As 04 4 - 2NaI 4 - H 2 O 4 - 2 CO 2 
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191. In determining the sulfur in a sample of steel, by treatment with HCl, 
precipitation of the evolved H 2 S as CdS, the dissolving of this in HCl and titration 
with 0.05 N iodine, according to the reaction 

H 2 S + I 2 = S + 2HI 

what weight of steel sample should be taken so that each cubic centimeter of iodine 
will equal 1 per cent of sulfur? Ans. 0.08015. 

192. A 0,2500-gram sample of ferro-manganese containing 75.00 per cent of 
manganese was titrated with 0.1 KMn 04 according to the reaction 

3 Mn(S 04 ) -f- 2 KMn 04 + 2 H 2 O = 5Mn02 + 2 H 2 SO 4 + K 2 SO 4 

How many cubic centimeters were required? 

193. A Na 2 S 203 solution was standardized by treating a 1.5678-gram sample of 
steel containing 0.80 per cent Cr with an oxidizing agent to convert the Cr into 
K 2 Cr 207 , and then titrating the iodine liberated from KI in accordance with the 
reaction 

K2Cr207 4- 14HC1 + 6KI = 3 I 2 + 7 H 2 O + 2CrCl3 + 8KC1 

with the thiosulfate solution, using 29.27 cc. of Na 2 S 203 . What was the normality 
of the Na 2 S 203 ? Ans. 0.02471. 

194. A mixture of KIO 3 and KI containing 0.3000 gram of pure KIO 3 was treated 
with HCl and the I 2 liberated in the reaction 

KIO 3 + 5KI 4 - 6HC1 = 3 I 2 4- H 2 O 4- 6KC1 

titrated with Na 2 S 203 solution, using 37.62 cc. What was the normality of the 
Na 2 S 203 solution? 

196. Forty cubic centimeters of KMn 04 are equivalent to 35.00 cc. of a K 2 Cr 207 
solution, of which 1 cc. will liberate 0.02687 gram of I 2 from KI. WTiat is the 
normality of the KMn 04 solution? Ans. 0.1852 N. 

196. A 0.5-gram sample of iron ore was titrated with 0.1 iV' K 2 Cr 207 . The end 
point was overstepped when 52.00 cc. of the reagent had been added. On adding 
0.8267 gram of Mdhr’s salt, FeS 04 - (NH 4 ) 2 S 04 - 6 H 20 , the titration was continued, 
using an additional 5.75 cc. of the dichromate solution. Calculate the percentage 
of iron in the sample. 

197. In determining the available chlorine in bleaching powder, 2.5 grams of the 
sample were ground to a paste with water, dissolved and diluted to 500 cc. An 
aliquot portion of 60 cc. required 25 cc. of a 0.1 AT Na 3 As 03 solution. The reaction is 

CaCl20 4 - NaaAsOs « Na8As04 4* CaCl2 

Calculate the percentage of available chlorine in the sample. 

Ans. 36.46 per cent. 

198. Free chlorine may be determined by its action on KI 

CI 2 4- 2KI » I 2 4- 2KC1 

titrating the liberated iodine with standard thiosulfate solution. If 60 cc. of 
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chlorine water, when treated with KI and titrated with 0.1250 N Na 2 S 203 required 
30 cc., what was the strength of the sample in terms of CI 2 per cubic centimeter? 

199 . A sample of lead paint was dissolved, the lead precipitated as PbCr 04 , 
dissolved in acid and treated with KI. The liberated iodine was titrated with 0.1 A 
Na 2 S 203 , requiring 36.50 cc. What was the weight of lead in the paint? 

Ans. 0.2521. 

200 . A sample of Mn02 ore was treated with HCl, liberating free chlorine 

Mn02 + 4HC1 = CI 2 + MnCl 2 + 2 H 2 O 
and the chlorine passed into KI solution 

CI 2 + 2KI = I 2 + 2KC1 

The iodine was titrated with 0.1 A Na 2 S 203 solution, requiring 40.00 cc. for a 0.5-gram 
sample of the ore. Calculate the purity of the ore. 



Part III 


THE CALCULATIONS OF GRAVIMETRIC ANALYSIS 
CHAPTER VII 

GENERAL CONSIDERATIONS OF GRAVIMETRIC ANALYSIS 
THE CALCULATION AND USE OF CHEMICAL FACTORS 

The amount of constituent in a sample of material is determined 
most generally by one of two chemical methods: Either the amount of 
reagent required for the reaction is measured, as in a titration process, or 
else the amount of product formed in the reaction is weighed. The 
latter procedure embraces the gravimetric methods of determination. 
Most of the gravimetric methods depend upon reactions in which a 
precipitate is formed. To meet the exacting requirements of a precise 
gravimetric method of determination it is important that (1) the reac- 
tion selecteid must run to practical completion, (2) the precipitate must 
possess the physical qualities which enable it to be separated from the 
solution by filtration and purified from contaminating substances and (3) 
the dried or ignited product must have a definite, known chemical com- 
position. In short, if a pure product, containing the constituent in 
question, can be separated and weighed, we have the basis for an accurate 
method of quantitative determination. 

The steps involved in carrying out the technique of gravimetric 
analysis may be briefly summarized as follows: 

1. The weighing of suitable amounts of the properly prepared sample. 

2. The preparation and bringing to constant weight of crucibles in 

which the purified precipitate is later weighed. 

3. The preparation of the necessary reagents, especially the precipi- 

tating agent. 

4. The dissolving of the sample, separation of interfering constituents 

if necessary, bringing the solution to the proper acidity, basicity 
or state of oxidation and then adding an excess of precipitating 
reagent. 

5. Filtering and washing the precipitate until free from impurities. 

106 
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6. Drying or igniting and finally weighing the crucibles which now 
contain the precipitate. 

In keeping with these manipulative steps are the computations of 
gravimetric analysis. These are here briefly enumerated and then dis- 
cussed at greater length. 

1. Calculation of weight of sample to bo taken for analysis. 

2. Calculation of solute for the preparation of reagents. 

3. Calculation of the volume of precipitating reagent required. 

4. Calculation of the amount, usually expressed as a percentage, of 

the constituent in the sample. 

5. Certain equilibrium calculations based on ionization and solu- 

bility data, by which the solution is brought to a correct condi- 
tion and by which the theoretical error of the method can be 
estimated. 

The Theory of Gravimetric Analysis. Before discussing these cal- 
culations in detail it is well to present the fundamental theory of gravi- 
metric analysis. The theory of reactions, resting fundamentally on the 
Law of Combining Weights and the Law of Chemical Equilibrium, 
finds in the methods of quantitative analysis very important applica- 
tions. Any reaction which is to serve as the basis of a quantitative 
method of determination must run practically to completion. This 
means that when finiil equilibrium is reached the concentration of the 
ion whose determination is sought must l)e low enough not to affect 
seriously the accuracy of the analysis. The Law of Chemical Equilib- 
rium enables us to calculate the amount of constituent un-acted upon; 
in the case of a gravimetric precipitation method, an equilibrium cal- 
culation, as shown later, will give the amount of constituent unprecipi- 
tated. 

On the other hand, the Law of Combining Weights enables us to cal- 
culate the amount of constituent contained in a definite weighed amount 
of the purified product of the reaction. If, then, the reaction between 
the precipitating agent and the constituent to be determined has been 
allowed to proceed so far to completion that only negligible amounts of 
constituent remain unprecipitated, and the precipitate is carefully puri- 
fied, filtered and dried in a pure form or, if necessary, converted by 
ignition to a definite compound of known chemical comjX)sition and the 
dried or ignited precipitate weighed, the amount of constituent in the 
final weighed product can readily be calculated. The calculation itself 
is based on a proportionality between actual weights and the molecular 
or atomic weights involved. The relationship assumes the form of a 
direct proportion; 
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Mol. or at. wt. of constituent: Mol. wt. of product = Actual weight 
of constituent : Actual weight of product. 

Or, expressed in the form of ratios: 

Mol. or at. wt. of constituent Actual weight of constituent 
Mol. wt. of product Actual weight of product 

Here the Law of Combining Weights is specifically applied to the calcula- 
tion of the weight of constituent which has entered into chemical com- 
bination in the final weighed product of the reaction. Thus, if we wish 
to know how much silver is contained in a given weight of AgCl, we can 
easily solve for x in the equation : 

Atomic weight of Ag Weight of Ag(x) 

Molecular weight of AgCl Weight of AgCl 

and if the AgCl is that obtained by precipitating the silver in a sample of 
silver alloy, we then know the amount of silver in the alloy. 

This is equivalent to finding how much Ag has reacted to produce the 
given weight of AgCl. That Is to say, we have applied the Law of Com- 
bining Weights to the reaction between silver and chloride. 

The Law of Combining Weights, just applied specifically to the cal- 
culation of the amount of constituent contained in a w(ughed amount 
of reaction product, is of course, of much wider application. It enables 
us not only to calculate the proportion of constituents in pure com- 
pounds but, also the amount of product formed in a reaction, as well as 
t-hc amount of reagent required. In short, the amounts of the com- 
ponents in a reaction are precisely defined by this most fundamental of 
all chemical laws, and by means of it the proportions by which substances 
react with each other become known. 

Gravimetric Chemical Factors. When this proportionality is 
expressed in the form of ratios, as, for instance. 

At. wt. of Ag (107.88) Weight of Ag 
Mol. wt. of AgCl (143.34) "" Weiglit of AgCl 

the ratio of the atomic weight of silver to the molecular weight of AgCl 
is a constant. It means that in 143.34 parts by weight of AgCl there are 
107.9 parts by weight of Ag, or, since 

At. wt. Ag 107.88 ^ 

Mol. wt. AgCl “ 143.34 “ ‘ 

the amount of the Ag in AgCl is 0.7526 of the whole. This ratio is known 
as a chemical factor j and the number given is the chemical factor repre- 
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senling the proportional amount of Ag in AgCl. It can be interpreted as 
meaning the fractional part of Ag in unit quantity of AgCl, for, by 
stoichiometric relation : 

Ag _ X gram of Ag 
AgCl 1 gram of AgCl 
107.88 
143.34 

X = 0.7526 gram 


Or, on tho basis of a ptirconiage designation, the parts of Ag contained 
in 100 parts of AgCl resolve into: 


107.8 8 

143.34 


Ag a* parts of Ag 
AgCl 100 parts of AgCl 

X 100 = a: 


X = 75.26 parts per hundred parts (per 
centum, per cent) 


In other words, pure AgCl contains 75.26 per cent of silver. 

In a more general way, the factor may be used to convert a given 
W(ught of AgCl into its corresponding weight of Ag. For example, in 
0.2000 gram of AgCl, the amount of Ag might be calculated by the direct 
proportion, 

Ag(107.88) _ X 
AgCl(143.34) “ 0.2000 

But, since the ratio of Ag to AgCl is known V)y the chemical factor to be 
0.7526, it is simpler merely to multiply the weight of AgCl by tliis con- 
version factor. 

0.2000 X 0.7526 = 0.1505 


From this viewpoint, chemical factors arc conversion factors. Since 
a direct weight relationship is involved and, moreover, because such 
factors are extensively used in gravimetric analysis and particularly to 
calculate the amount of constituent"contained in a pure, ignited weighed 
compound, these factors are frequently referred to as gravimetric factors. 
Tables of gravimetric factors are found in many textbooks of quantita- 
tive analysis and in most handbooks of chemistry. 

Calculation of Chemical Factors. The actual computation of gravi- 
metric factors, as already illustrated in the case of the ratio of Ag to AgCl, 
is in itself a simple matter. The first requirement is that the chemical 
equation, whether real or hypothetical, be written and properly bal- 
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anced, or, at least, that the constituent concerned, common to numerator 
and denominator, be correctly involved. Then it remains to use the 
atomic and molecular weights with proper coefficients. It is important 
in setting up the ratio that the constituent or substance desired appear 
as numerator and the given or weighed substance be in the denominator. 

Example 1. Calculate the factor required to convert BaS 04 to 
SO 4 . 

The chemical (^tjualion is 


S 04 -" + Ba++ = BaS 04 


SO4 

The desired ratio is and therefore 

BaS04 


SO4 


96.06 


BaS 04 233.42 


= 0.4115 


Example 2. What is the factor required to convert Fe20.'} to Fe? 

Since in Fe 203 there are 2F e, the ratio is 2 atoms of F e to 1 molecule 
of Fe 203 : 


2Fo 2 X 55.84 

FC 2 O 3 ”” (2 X 55'.84)+ (3 X 16) 


0.6994 


The Use of Chemical Factors-. Chemical factors are used to relate 
the weight of one substance to another and may conveniently be 
employed in calculating such quantities as the weight of reagent required 
in a reaction, the weight of product obtained or the amount of constituent 
contained in a given weight of pure compound. 

Example 3. What weight of Na 2 C 03 will react with 0.1685 gram 
ofHCl? 

The reaction is 


Na 2 C 03 + 2HC1 = 2NaCl + CO 2 + H 2 O 


The chemical factor is 


Na2C03 

2HCI 


105.99 
2 X 36.46 


1.4535 


This may be interpreted to mean that 1.4535 parts of Na 2 C 03 are 
equivalent to 1 part of HCl, or that 1 gram of HCl will react with 1.4535 
grams of Na 2 C 03 . Therefore 


0.1685 X 1.4535 = 0.2449 gram 
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Example 4, What weight of BaS04 will be obtained from 0.2500 
gram of pure Na2S04 by precipitation with BaCk? 

The reaction is 


Na2S04 + BaCl2 == BaS04 + 2NaCl 
The chemical factor is 


BaS04 233.42 
Na2S04 "" 142.058 


1.6432 


Therefore, to convert 0.2500 gram of Na2S04 into its equivalent of 
BaS04, it is merely necessary to multiply the weight of Na2S04 by the 
chemical factor. 

0.2500 X 1.6432 = 0.4108 gram 

Example 5, How much iron is contained in 0.2591 gram of ignited 
FesO^? 

The chemical factor, already obtained in Example 2, is 


Then 


2Fe 

Fe203 


= 0.6994 


0.2591 X 0.6994 = 0.1812 gram 


Calculation of the Percentage of Constituent from Gravimetric 
Data. In gravimetric analysis, the constituent undergoing determina- 
tion is isolated as an insoluble precipitate, in most cases, and then dried or 
ignited and weighed in the form of a pure compound of definite, known 
chemical composition. We can then, by direct proportion or by use of 
the appropriate chemical factor, calculate the w^eight of constituent in 
the weighed product. If more than one similar calculation is to be 
made, as in duplicate or triplicate analyses, it is naturally advantageous 
to use the chemical factor; otherwise, one can, of course, calculate the 
weight of constituent by direct proportion. In either case, the weight of 
constituent sought, divided by the weight of sample, will give the ratio 
of pure constituent to impure sample and, to express this as a percentage 
(per centum, or parts per 100), this value is multiplied by 100. 

In using the chemical factor, the calculation reduces itself to the 
fundamental formula: 


Weight of precipitate X Chemical factor 
Weight of sample 


X 100 = per cent 


Example 6. What is the percentage of sulfate in a sample of impure 
Na2S04, if 0.5000 gram of the sample 3rields, upon reaction with BaCl2, 
a precipitate of BaS04 weighing 0.81 12 gram? 
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The weight of SO 4 corresponding to 0.8112 is found by proportion 
thus: 

SO 4 : BaS 04 = x : 0.8112 

(9G,0G) (233.42) 

where x is the weight of SO 4 contained in this weight of BaS 04 , and by 
calculation equals 0.3338 gram. 

The weight may also be found by multiplying the chemical factor for 
SO 4 in BaS 04 by the w'eight of BaS 04 . The factor for SO 4 in BaS 04 , 

Mol. weight of SO 4 . ^ 1 . . . . 1 , ^ . 

, , . > IS 0.4116. If to this ratio is assigned a definite 

Mol. weight of BaS 04 

weight as, for instance, the fractional part of 1 gram, the value 0.4116 
represents the weight of SO 4 contained in 1 gram of BaS 04 . Since we 
have 0,8112 gram of BaS 04 , the weight of SO 4 is 0.8112 X 0.4116, or 
0.3338 gram. It will be observed when these two methods are examined 
that, once the chemical factor is known, the subsequent operation is a 
single multiplication. The rule to be followed then, when there are two 
or more s(^ts of data involving the same relationship, as for example, in 
using the data in duplicate or triplicate analyses of the same material, is 
always to apply the chemical factor. No particular advantage is 
derived by applying the factor to a singh' set of data. 

The amount of SO4 contained in the weight of original sample 
expressed as a decimal is then found by dividing the former by the 
latter, 0.3338 -r- 0.5000 = 0.6676; and multiplying this by 100 gives 
66.76 per cent (parts per hundred). 

In general, calculations of percentage composition can be made by 
use of the general equation: 


Weight of precipitate X Chemical factor 
Weight of sample 


X 100 = per cent 


PROBLEM SET 11 

Calculation of Factors and Percentages in Gravimetric Analysis 

201. Calculate the number of grams of the si)ecified constituent which are con- 
tained in 1.0000 gram of the following compounds. 


Desired constituent 


(a) BaS 04 

SO 4 

Ans. (a) 0.4116. 

(b) AgCl 

Cl 

( 6 ) 0.2474. 

(c) Fe 208 

Fe 

(c) 0.6994. 

(d) CaO 

Ca 

(d) 0.7147. 

(e) Mg 2 P 207 

Mg 

(e) 0.2187. 
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202. Calculate the number of grams of the specified constituent contained in 
0.3487 gram of BaSO^. 

Constituent 

(a) Ba 

(b) S 

(c) O 

(d) SO4 

203. If 0.5382 gram of Na2S04 is allowed to react with BaCl2, what weight of 
BaCl2 will be required? What weight of BaS04 will be produced? If 0.5872 gram 
of BavS04 is produced in a reaction with Na2S04, what weight of Na2S04 was involved? 

Ans. 0.7891; 0.8844; 0.3574. 

204. Calculate the chemical factors corresponding to 

(a) Ba in BaS04 
(h) Cl in AgCl 

(c) Fe in Fe203 

(d) MgO in Mg2P207 

(e) C 02 inCaC 03 

206. Calculate the logarithms of the factors for 


(a) Ba in BaS04 

Ans. (a) 9.7698 

- 10. 

(b) Fe in Fe203 

(b) 9.8442 

~ 10. 

(c) Ag in AgCl 

(c) 9.8766 

- 10. 

(d) Mg in MgNH4PO4 0Il2O 

(tZ) 8.9961 

- 10. 

ie) Ni in Ni (Cl-l3)4(CNO)4H2 

(c) 9.3079 

- 10. 


206. When the following precipitates arc ignited, the ignited })roducts, specified 
below, are obtained. Write the balanced equations for the ignition. Calculate the 
factors called for below by writing the necessary balanced (Hpiations. 


Precipitate 

Ignited Product 

Constituent sought 

(a) CaC204 

CaO 

Ca 

(b) Fe(OIT)3 

1^0203 

Fe 

(c) MgNH4P04 

Mg2P207 

P 

id) (NH4)2PtCl6 

Pt 

N 


207. By use of the appropriate chemical factor convert 1 gram of Fe to 
(a) Fe203, (b) Fe304, (c) FeO. 

Am. (a) 1.4298; (b) 1.3820; (c) 1.2865. 

208. What weight of AgCl will be obtained from 0.2387-gram weight of impure 
NaCl containing 92.30 per cent pure NaCl? 

209. In the reaction 

MgCl2 + NH4CI + Na2HP04 « MgNH4P04 + 2NaCl -f HCl 

(a) how much MgCb will be required to produce 0.3148 gram of MgNH4p04? 

(b) how much Na2HP04 will be required to produce the same weight of MgNH4P04? 

Ans. (a) 0.2182; (6) 0.3255. 
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210. Calculate the percentage of (a) Fe (b) SO 4 in FeS 04 (NH 4 ) 2 S 04 121120 . 
If a 0.3000-gram sample of the impure salt yielded upon precipitation of the SO 4 
as BaS 04 0.0750 gram, what is percentage (c) of SO 4 in the sample, (d) percentage 
purity of the sample? 

211. If a 0,6000-gram sample of iron ore (impure Fe 203 ) were dissolved in acid, 
and the iron precipitated as Fe(OH )8 and ignited to Fe 208 yielded 0.2698 gram of 
Fe 203 , how much pure Fe was contained in the sample? 

A ns. 37.74 per cent Fe. 

212. Calculate the percentage of Cl in a mixture consisting of equal parts by 
weight of pure NaCl and KCl. Do the same for an equiniolecular mixture of NaCl 
and KCL 

213. A 0.5000-gram of limestone, when analyzed for magnesium, by precipitating 
MgNH 4 P 04 and igniting this to Mg 2 P 207 , yielded 0.0315 gram of the ignited product. 
Calculate the percentage of MgO. If a 0.5000-gram sample of fertilizer yielded 
0.1175 gram of Mg 2 P 207 , what is the percentage of P 2 O 5 ? 

Am. 2.28 per cent MgO; 14.98 per cent P 2 O 6 . 

214. Duplicate determinations of the SO 4 in a sample of material gave 0.6854 gram 
and 0.6846 gram of BaS 04 , using 0.7000-gram samples. Calculate (a) percentage 
of SO 4 obtained in each determination, (b) the precision of the analysis in parts per 
thousand. 

216. If a 0.2500-gram sample of impure sodium chloride yielded 0.6800 gram 
of pure AgCl, what was (a) the percentage of chloride in the sample, (b) the per- 
centage purity of the sample? 

Am. (a) 57.40 per cent; (b) 94.60 per cent. 

216* A limestone sample on analysis was found to contain 95 per cent of a mixture 
of CaCOa and MgCOa- A separate analysis for magnesium when recalculated to 
the oxide gave 8.00 per cent MgO. Calculate the percentage of CO 2 in the sample. 

217. A sample of NaH 2 P 04 weighing 0.3766 gram yielded an ignited residue of 
0.2790 gram of Mg 2 P 207 when treated with magnesia mixture and converted into 
the pyrophosphate. What was the percentage of PO 4 in the sample? 

Am. 63.39 per cent. 

218. Calculate the percentage composition of MgNH 4 P 04 *61120. 

219. In a duplicate determination of chloride by precipitating and weighing the 

AgCl, a chemist reported 35.67 and 35.82 per cent of Cl. What was the accuracy of 
his results? If the true percentage was 35.72, what was his percentage error in each 
determination? Am. 1.4 parts/1000. 

2.8 parts/ 1000 . 

Percentage error = 0.139, or 0.14 per cent. 

Percentage error = 0.279, or 0.28 per cent. 

220. If a sample of material is known to contain 50.00 per cent of a certain con- 
stituent and an error of 0.2 of 1 per cent is permissible, what analytical results can be 
reported? 
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CALCULATIONS OF REAGENTS USED IN GRAVIMETRIC ANALYSIS 


From the equation for any chemical reaction, the reacting propor- 
tions can readily be calculated, cither by direct, stoichiometric propor- 
tion, or, more simply, by use of the chemical factor. Thus, in a precipi- 
tation reaction, the weight of precipitant (as well as the weight of 
precipitate) can be ascertained. When applied to the precipitation of a 
constituent in a sample of material, the approximate amount of constit- 
uent should be known; otherwise the calculation is based on the 
assumption that the sample is pure. 

Strength of Precipitating Reagent. Before the amount of precipit- 
ating agent can be computed, the strength of the reagent must be 
approximately knowm. The strength of many precipitating agents 
employed in gravimetric analysis is expressed on an empirical basis (see 
Chapter II, page 17), usually in grams per liter, as best suited for the 
particular purpose intended. It is most convenient to convert the 
quantity of solute per liter into the value per cubic centimeter, and, 
if necessary, express this value in terms of the constituent being precipi- 
tated. To illustrate, suppose experience shows that a AgNOa solution 
containing 20 grams of AgNOa per liter is best suited for the precipita- 
tion of chloride as AgCl. Such a solution would contain 0.020 gram 
of AgNOs per cubic centimeter. The weight of Cl brought into reaction 
by 1 cc. of AgNOa would therefore be, using the chemical factor of 


Cl 

AgNOa 


0.2087, 


0.020 X 0.2087 = 0.004174 gram Cl per cubic centimeter 


The weight per cubic centimeter is known as a litre value. In the illus- 
tration just given the value 0.020 is the AgNOa-titre of the AgNOa 
solution and the value 0.004174 is the Cl-titre of the AgNOa solution. 
Titres are used extensively in both gravimetric and volumetric analysis. 

Example 1, Calculate the S04-titre of a solution of BaCk -21120, 
containing 15.0 grams of the solute per liter. 

The BaCk • 2H20-titre is 0,0150 gram since this is the weight of solute 
per cubic centimeter. We have therefore 

SO4 96.06 _ a? 

BaCk-2H20 “ 244.31 0.0150 

z = 0.00589 gram per cubic centimeter 
or, simply, by chemical factor 

0.3932 X 0.0150 = 0.00589 gram per cubic centimeter 
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In the preparation of solutions of HCI and H2SO4, used as precipitat- 
ing reagents, in the determination of silver and barium, respectively, 
reference must be made to the specific-gravity tables for these acids, 
since their strength is indicated in terms of percentage of pure solute 
corresponding to the specific gravity of the solution. The calculations 
involved in preparation of solutions of this type, by dilution, have already 
been discussed in Chapter II. When they arc precipitating agents the 
appropriate titre designation is the most useful. 

The use of ammonium-hydroxide solution as precipitating reagent for 
iron, aluminum and several other elements which are quantitatively 
precipitated as the hydroxide calls for special precaution in the designa- 
tion of its strength. Instead of percentage of NH4OH, the specific- 
gravity table gives the equivalent in terms of NH3. In the precipita- 
tion of Fe(OH)3, for example, the so-called “concentrated aqua 
ammonia” is used. It might be advantageous to know the strength of 
tills reagent in terms of iron. 

Example 2, Calculate the Fe-titr« of concentrated ammonia reagent. 

From the specific-gravity table (Appendix) it is noted that the con- 
centrated reagent has a specific gravity of 0.900 and a percentage purity, 
computed in terms of NH3, of 28.33 per cent. Each cubic centimeter 
therefore contains 

0.900 X 0.2833 = 0.255 gram of NH3 
This is the NHs-titre of the ammonia solution. From the reactions 
Fe+++ + 30H- = Fe(OH)3 
3NH3 + 3H2O = 3NH4OH 

3NH4OH = 3NH4+ + 30H~ 

the proportionality is Fe : SOH” : 3NH3, or simply, Fe : 3NH3. We 
have then 

Fe 55.84 x 

3NH3 ” 3 X 17.034 ““ 0.255 

X = 0.2788 gram Fe per cubic centimeter 
55 84 

Or, from the chemical factor, j = 1.095, we have 

0.255 X 1.095 = 0.2788 gram Fe per cubic centimeter 

Volume of Precipitating Reagent Required. It is usually necessary 
to calculate, in advance, the volume of precipitating agent required in a 
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gravimetric determination. An excess beyond that required by the 
stoichiometric proportion is always added to insure as complete a precipi- 
tation as possible. In order to calculate the volume required, the 
approximate amount of constituent in the sample should be known, or, if 
this information is lacking, it is assumed, for this calculation, that the 
sample is pure. 

Example S. What volume of AgNOa solution containing 20 grams 
of AgNOa per liter will be required to precipitate the chloride, as AgCl, 
in a 0.2500-gram sample of NaCl? 

Assume the sample to be pure NaCl. Calculate the Cl-titre of the 
AgNOa solution. This has already been done in Example 1 and found 
to bo 0.004174 gram pc^r cubic cemtime^hT. Sincci the sample weighs 
0.2500 gram, the total weight of Cl in the sample is 

35.46 

0.2500 X - = 0.1516 gram Cl 

58.46 

Therefore 

0.1516 0.001174 = 36.32 cc. 

Example 4- What volume of concentrated ammonium hydroxide 
(sp. gr. 0.900, containing 28.33 per cent of NHa by weight) is required to 
precipitate as Fe(OH)3, the Fe contained in 5.0000 grams of Fe2(S04)a' 
9H2O? 

There is a long, round-about way, but also a simple short way, to cal- 
culate the weight and hence the volume of the reagtmt required. Setting 
up the necessary series of equations and relationships involved, we have 

Fe2(S04)3-9H20->2Fe 

2Fe 2Fe(OH)3 
2Fe(OH)3 60H 
60H 6NH4OH 
6NH4OH 6NH3 

We might thus, ridiculously, set up six separate definite proportions 
and calculate, in turn, the weight of Fe, Fe(OH)3, OH, NH4OH and 
finally the weight of NH3. That this is needless labor is seen at once by 
the ratios: 

2Fe ^ 2Fe(GH)3 60H _ 6NH4OH _ 6NH3 

Fe2(S04)3-9H20 ~ 2Fe 2Fe(OH)3 60H 6NH4OH 
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in which common members cancel out, heaving the significant ratio 
6NH3 


Fe2(S04)3*9H20 

Therefore 


6NH3 

Fe2(S04)3-9H20 


grams of NH3 
wt. of sample 


6 X 17.034 _ a: 
562.001 5.0000 


X = 0.9093 gram NH3 

Then, volume of ammonia X sp. gr. X per cent NH3 = grams of NH3 

or 


0.9093 

0.900 X 0.2833 


3.57 cc. of reagent 


CALCULATION OF SAMPLE WEIGHTS 

An understanding of the proper weight of sample to use in a gravi- 
metric determination Is one of the criteria which distinguish the thought- 
ful experimenter from the casual cook-book worker. The chief factor 
which determines the amount of sample is the facility with which the 
precipitate can be washed, purified, filtered, dried or ignited and finally 
weighed. On the one hand the capacity of the beakers, funnels and 
crucibles limits the maximum bulk of precipitate whereas, on the other 
hand, enough precipitate or final product must be obtained so that the 
errors in weighing are not unduly large. The amount of sample to 
take, furthermore, depends upon the amount of constituent in the 
sample. Thus if one sample is thought to contain about 20 per cent of 
constituent, and another about 80 per cent of the same constituent, about 
four times as much of the first sample would have to be taken in order to 
yield the same amount of product. 

With respect to the capacity of the apparatus it might be said, in 
general, that such a quantity of precipitate can conveniently be handled 
that will, when dried or ignited, 3deld a pure product weighing in deci- 
grams or centigrams, i.e., in the tenths or hundredths of a gram. With 
less than this, errors made in weighing would be seriously magnified in 
the final percentage calculation. Much depends upon the physical' 
nature of the precipitate. It should he remembered, of course, that 
there is a change in weight when the constituent is precipitated and a 
further change in weight when, if necessary, the precipitate is converted 
by ignition into another compound. 
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Example 5. What weight of sample of pure NaCl should be taken 
so that, when precipitated with AgNOa, the dried AgCl should weigh 
0.2500 gram? 

From the reaction 


NaCl + AgNOs = AgCl + NaNOa 
it is obvious that the factor gives the direct relationship 
NaCl 58.454 x 


AgCl 143.34 0.2500 


X = 0.1019 gram of sample 

If the sample is thought to be about 60 per cent pure, the weight of 
sample would be 

0.1019 -r- 0.60 = 0.1699 gram 

Example 6. What weight of sample containing iron, such as FeS04 • 
(NH4)2S04 • 6H2O, should be taken for analysis, so that, when the sample 
is dissolved, the iron oxidized, precipitated as Fe(OH)3 and ignited to 
Fe203, the Fe203 will weigh about 0.2 gram, assuming the sample to 
contain 10 per cent iron? 

2Fe _ x 
Fe203 0.2 

or 

X = 0.6994 X 0.2 = 0.1399 gram Fe 


in 0.2 gram of Fe203. Since the sample is thought to be 10 per cent 
pure iron, the weight of sample will be 

0.1398 -r- 0.10 = 1.3988 grams of sample 

Problems of this kind can of course be solved by substitution in the 
formula for percentage calculations, viz., 

Wt. of precipitate X Chemical factor ^ 

. — . X 100 = percentage 

Weight of sample 


0.2 X 0.6994 

X 


X 100 


X 


10.0 

1.3988 


An interesting question arises in connection with the weighing of 
samples. Is it always necessary to weigh the sample to the usual one- 
tenth of a milligram? The following consideration with regard to the 
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foregoing example will throw light on this question. It was found that 
in order to obtain 0.2000 gram of ignited Fe 203 from a 10 per cent iron 
sample, a 1.3988-gram sample must be taken. Suppose the sample con- 
tains only 1 per cent of iron; then the same weight, 1.3988 grams, will 
yield only 0.0200 gram of Fc^Oa. What would be the effect if only 1.39 
grams of sample were taken? The weight of Fe 203 in this case is 0.0199 
gram, differing by a negligible 0.1 of a milligram. In this case, it would 
be unnecessary to weigh beyond the centigram unit, i.e., to the second 
decimal place. In other cases, where the constituent runs high, it is 
necessary to weigh the sample to 0.0001 of a gram. 

Factor-Weight Samples. A chemical factor, we have already seen, 
is the ratio of the molecular or atomic weight of the constituent sought to 
the molecular weight of the compound to which the constituent is ecpiiva- 
!ent. When applied to gravimetric analysis a chemical factor is the 
weight, in grams, of constituent contained in or equivalent to 1 gram of 
t he ignited precipitate. In the calculation of gravimetric data, we have 
(he relation: 


Weight of precipitate X Chemical factor = Weight of constituent 


and to calculate the percentage of constituent from the weight of an 
impure sample and the weight of the precipitate we have: 


Weight of precipitate X Chemical factor 
Weight of sample 


X 100 = Percentage of 
constituent 


A special use of chemical factors follows from this relationship, in 
that, if the weight of the sample is selected numerically equal to the 
chemical factor, these two terms cancel and we have directly the weight 
of the precipitate multiplied by 100 equal to the percentage of constitu- 
ent. Then each 0.01 of a gram (each centigram) of precipitate will repre- 
sent 1 per cent of constituent, and each milligram will represent 0.1 of 
one per cent. A weight of sample in grams equal to the chemical factor 
is known as a factor-weight sample. 

As an example, suppose that it is desired to take such a weight of a 
sulfate-containing sample, for example impure sodium sulfate, that the 
weight of the precipitated BaS 04 should equal the percentage of SO 4 
present. Since 

Weight of BaS 04 X 

BaS 04 

— X 100 = Percentage of SO 4 , 

Weight of sample 
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and the chemical factor of SO4 in BaS04 is 0.4116, then, if a 0.4116-gram 
sample is taken, the equation becomes: 


Weight of BaS04 X 0.4116 
0.4116 


X 100 = Percentage of SO4 


From this it is evident that, when the weight of BaS04 is multiplied by 
100, the product will represent directly the percentage of the desired 
constituent. If, for example, 0.01 gram of BaS04 is obtained, it will 
represent 1 per cent of S()4 in the sample. 

In general, the relationship holds true: 


0.01 X Chemical factor 
Factor-weight sample 


X 100 = 1 per cent 


in which the chemical factor is that required to convert the precipitate to 
the desired constituent and each 0.01 of a gram of precipitate represents 
1 per cent, if the weight of sample taken is the factor weight. 

The use of factor-w(4ght samples has the advantage in certain 
analyses in that no calculations of the results of a determination are 
necessary. Fn^quently a tare equal to the factor weight is used, thus 
avoiding loss of time and errors in placing fractional weights on the pan 
of the balance. The use applies to samples which are finely powdered 
and has no advantage where much time is consumed in obtaining an 
exact factor-weight sample. 


PROBLEM SET 12 

Gravimetric Reagents and Sample Weights 

221. What volume of barium-chloride reagent containing 20 grams of BaCh* 

2H2O per liter will be required to precipitate as BaS04 the SO4 contained in 0.2000 
gram of pure Na2S04? Ans, 17.20 cc. 

222. How much silver chloride will be precipitated by adding 25 cc. of AgNOa 
(20 grams AgNOa per liter) to a sample of impure NaCl? 

223. If a 0.2500-gram sample of chloride (here assumed to be pure NaCl) is 
dissolved in 50 cc. of water and is to be precipiUited as silver chloride with silver- 
nitrate reagent so that not more than 50 cc. of reagent will be used, how many grams 
of AgNOa per liter should be used in the preparation of the reagent? 

Ans. 14.53 grams. 

224. A chemist in dissolving a sample of material used 5 cc. of HCl, sp. gr. 1.12, 
and then 10 cc. of HNO3 of sp. gr. 1.42. What volume of concentrated NH4OH 
(sp. gr. 0.90, containing 28.33 per cent of NH3 by weight) should be used to neutralize 
the solution? 

225. What volume of aqua ammonia (concentrated ammonium hydroxide) 
sp. gr. 0.900, will be required to neutralize 10 cc. of HNO® of sp. gr. 1.2507 

Ans, 5.27 cc. 
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226 . What volume of HCl, sp. gr. 1.120 will be required to react with 0.1872 gram 
of pure silver? If the sample is an alloy containing 90 per cent silver? 

227. What weight of NH3 will be required to precipitate the iron as Fe(OH)3 in 

0.2500 gram of Fe2(S04)3 -91120? If the ammonia reagent has a sp. gr. of 0.966, 
what volume of the reagent will be required? Ans. 0.0455. 

228 . What weight of Na.2lIP04 would you teke for the preparation of a liter of 
reagent of such a strengt h that each cubic centimeter will precipitate 0.005 gram of 
magnesium according to the reaction? 

Na2HP04 + MgCl2 -f NII4OII = MgNH4P04 + 2NaCl + H2O 

229 . If you wished to jirepan*, an ammonium-hydroxide solution for the pre- 
cipitation of A1(01I)3, so that each cubic centimeter would bring into reaction 
0.003 gram of what volume of “aqua ammonia” (sp. gr. 0.900, containing 28.33 
per cent NII3) would be required for one liter of the basic reagent? 

Am. 21.6 cc. 

230 . An ammonium-hydroxide solution, 1 cc. of which will precipitate 0.003 
gram of M as Al(OII)3, will precipiUitAj, per cubic centimeter, how much Fe as 
Fe(OH)3? 

231 . What weight of sample of iron-containing material should be taken for 

analysis so that, in each case, the weight of ignited Fe203 should not exceed 0.5 of a 
gram for samples containing (a) 5 per cent Fe, (h) 40 per cent Fe and (c) 70 per cent 
Fe? Am. (a) 6.994 grams; (5) 0.8743 gram; (c) 0.4994 gram. 

232 . What is the least w^eight of sample you would take for the determination of 
chloride by precipitation and w'eighing of AgCl, if the sample was thought to contain 
about 1 per cent of Cl and the AgCl should weigh at least 0.01 of a gram? 

233 . If a Na2S04 sample is known to be approximately 80 per cent pure, by what 

simple nurnbtjr would you multiply the chemical factor Na2S04 in BaS04 so that a 
proper weight of sample should be taken? Am. 0.80. 

234 . The total carbon in steel is determined by burning the sample in a current of 
oxygen and absorbing and weighing the CO2 evolved. What weight of steel sample 
should be taken so that each centigram of CO2 represents 1.0 per cent of carbon in 
the steel? 

235 . What weight of iron ore should be taken for analysis so that, when the iron 
is precipitated as Fe(OH)3 and finally weighed as l'e203, each milligram when multi- 
plied by 20 should represent 1 per cent of iron in the sample? 

Am. 1.399 grams. 

236 . What weight of zinc ore should be taken for analysis so that, when the zinc 
is precipitated and weighed as ZnNH4P04, each milligram of the precipitate shall 
equal 0.1 of 1 per cent of zinc? If the zinc precipitate is ignited to Zn2P207? 

237 . Two samples of soluble chlorides of 0.3000 gram each, known to contain, 

respectively, 10 per cent and 90 per cent of chloride, were submitted for analysis. 
In the precipitation filtration and weighing of the AgCl precipitates, errors amounting, 
in each case, to 0.5 of a milligram were introduced. What was the percentage error 
in each case? Am. (a) 0.41 per cent; (6) 0.046 per cent. 
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238. A scries of NaCl samples were submitted for analysis. A 0.2500-gram 
sample was taken in each case. The percentages of Cl known to be present were as 
follows: 6, 10, 25, 50, 75, 90 and 95 per cent respectively, (a) Sup{)Ose an error of 
0.3 milligram was made in the weighing of each sjimple; what percenhige error was 
made in each case? (b) If an error of 0.3 milligram is made in the weighing of the 
AgCl precipitates, what were the percentage of errors made in the analyses? 

239. A student made a detennination of the SO 4 in a sample of material, obtain- 
ing in a triplicate analysis 0.7502, 0.7580 and 0.7586 gram of BaS 04 . What was the 
precision of his determination, in parts i)er thousand? If the pn^cision of a sulfate 
determination is 3 parts per thousand, should any of the results be rejecte^d? 

Ans. (a) 1.8; (6) 0.5; (c) 1.3; No. 

240. A 0.2000-gram sample of pure NaCl should yield what weight of AgCl? 
A 0.2000-gram sample of NaCl, 50 per cent pure, should yield what weight of AgCl? 
If, in each case, the error is not to be greater than 2 pfirts per thousand, what maxi- 
mum and minimum w^eights of AgCl might be obtained? 



CHAPTER VIII 


EQUILIBRIA IN GRAVIMETRIC PRECIPITATION ANALYSIS 

A precipitation reaction takes place because ions unite to form a not 
readily soluble solid product. An ionic equilibrium is established be- 
tween the interacting ions, and is rigorously controlled by the solubility 
product principle. This principle, a fundamental application of the 
Law of Chemical Equilibrium, concerns itself with the equilibria between 
ions in solutions in which precipitates are forming. The principle states 
that the product of the gram-ion concentrations of the ions reacting to 
form a precipitate is always a constant. Thus, in a simple case, such as 
the reaction between Ag+ ions and CI~ ions 

Ag+ -f- Cl- == AgCl 

the concentrations, when multiplied together, give, at constant tempera- 
ture, a numerical constant called the solubility product constant and 
designated, in this book, by the symbol A’s.p.(Agci) 

CAg+ X Cci- ~ AB.p.(AgCl) 

In cases where three different ions combine, as in the formation of 
MgNH 4 P 04 , the solubility product equation is 

CMg + + X CnH 4+ X CPO4- = A!^8.p.(MgNH4P04) 

And in cases where two or more ions of one kind unite with one or 
more ions of another kind, as in the precipitation of Mg(OH) 2 , the solu- 
bility product equation is 

CMg++ X CoH- X Con- = 
or 

CMg + + X (CoH-)^ = A^B.p.(Mg(OH)2) 

Calculation of Solubility Product Constants. These equilibrium 
constants are calculated from solubility data. The method of calcula- 
tion is here shown by the following example. 

Example 1, Calculate the Ka j,, of AgCI. Experiment shows that 
0.0015 gram of pure AgCl will dissolve in a liter of water at room temper- 
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ature. The gram solubility, divided by the molecular weight of AgCl, 
will give the molar solubility. 

0.0015 

= 0.00001 of a gram-mole 

That is, 0.00001 of a gram-mole of AgCl will dissolve in a liter of water 
to form a saturated solution of this salt. This is an extremely dilute so- 
lution and may be considered completely ionized. We have therefore 

AgCl-^ Ag+ + Cl- 
0.00001 0.00001 0.00001 

and the concentrations of both silver and chloride are 0.00001 of a gram- 
ion per liter. 

We have therefore ^ ^ 

CAg+ X Ca- = K8 ,p. 

0.00001 0.00001 -1.1 10 -W 

Application of the Solubility Product Principle to Precipitation. 

In a precipitation reaction, equilibrium is^rs^ reached when the product 
of the concentrations of the ions equals the solubility product constant of 
the precipitate. A slight excess of precipitating reagent beyond this 
concentration is necessary to cause the initial formation of the precipi- 
tate. Let us illustrate by an example. 

Example 2. What concentration of Ag"^ ion is necessary to establish 
equilibrium and hence to initiate the precipitation of AgCl in a liter of 
solution which has a Cl~-ion concentration of 0.01 gram-ion? 

Since the product of the concentrations of the silver and chloride 
ions must equal the ivB.p. of AgCl, 1.1 X 10~^®, the equation 

X Cci- ~ .^s.p.{AgCl) 

can readily be solved, letting x stand for the concentration of the silver 
ion. 

a; X 1.0 X 10-2 = 1.1 X lO-^^ 

whence x equals approximately 1.1 X 10“®. This^quantity of Ag+ ion 
must be added before the solution is saturated with respect to both Ag"^ 
ion and Cl~ ion. Visible precipitation will not occur until an excess of 
Ag"*" ion beyond 1.1 X 10“® has been added. 

The calculation just made merely tells us under what concentration 
conditions we can expect a precipitate of AgCl to make its appearance. 
It serves the purposes of a qualitative test but it does not furnish the 
data for a (practically) complete quantitative precipitation. In order 
to find out how complete the precipitation may be made, or, more specif- 
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ically, how much constituent will remain unprecipitated when final 
equilibrium is reached, the solubility product principle must be extended. 

The concentration of ions which remain in equilibrium whem an 
equivalent amount of pr(icii)itating agent has been added can be calcu- 
lated from the solubility product equation, as illustrated in the follow- 
ing examplcj. 

Example 3. What Cl^-ion and Ag+-ion concentrations remain in 
eciuilibrium when an equivak'iit amount of Ag"* ion has be(‘n addcnl to a 
solution containing Cl " ions? 

If the solution of th(^ sample contaiiKHl, for example, 0.01 gram-ion 
of Cl" per litcT, the stoichiometric quantity of Ag^ for complete reac- 
tion would be 0.01 of a gram-ion and thcrci would be produced 0.01 of a 
gram-mole of AgCl. 

Ag+ -f Cl- = AgCl 

0.01 4 - 0.01 = 0.01 

But this quantity, 0.01 gram-mole of AgC4, does not appear completely 
as insoluble precipitate, since, according to the solubility data citc'd in 
Example 1, AgC'l dissolves to the extent of 0.00001 gram-mole per liter. 
There remain unpn^cipitated 0.00001 of a gram-mole of AgCl or, in terms 
of ion conc(aitrations, 0.00001 of 1 gram-ion of chloride ion and a like 
concentration of silver ion. 

The quantity of ion remaining in solution when equivalent amounts 
of ions have been brought together can be calculated directly from the 
solubility product equation 

C^Ag+ X Cci- ~ j^s.p. 

X X X = 1.1 X 10-^0 

3 ^ = Vl.l X lO-io 
X = 1 X 10-® 

This quantity of Cl" ion remains in solution if the precipitation is 
conducted in a liter of solution. Note particularly that the ionic con- 
centrations are independent of the total quantity of ion whose prac- 
tically complete precipitation is desired. No matter how much or how 
little of the constituent is present in the sample, the same concentration 
of ion remains unprecipitated and therefore represents a loss and an error 
inherent in the reaction. 

The conditions just outlined are those fulfilled in a volumetric 
precipitation method (see Chapter IV). For a gravimetric precipita- 
tion method it is important to obtain the maximum possible precipita- 
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tion, and, for this reason an excess of precipitating reagent beyond the 
equivalent quantity is added. The concentration of ions, in equilibri- 
um, when this further condition has been satisfied can likewise be cal- 
culated from the solubility product equation. 

Example 4- What concentrations of Cl““ ion and Ag+ ion remain in 
equilibrium when an excess of Ag+ ion has been added during the 
precipitation of AgCl? 

Let us assume that an excess of ten times ov(t the equivalent quan- 
tity of Ag*^ has been added. From the equation 

Ca,- X Cci- = 1.1 X 

for an equivakmt amount, the concentrations are both 1 X lO”**’ (see 
Example 3) . Then wo have here 

Cas+ X Cci- = Asp. 

1 X X a: = 1.1 X 10~*<> 

whence r, the Cl"" ion remaining, is 1.1 X 10~^’. By the addition of an 
excess of Ag^ ion, the concentration of Cl~ ion has been lowered to 1.1 X 
10“® per liter, and the error in the determination has been reduced 
correspondingly. 

Precipitation under Controlled Conditions. In a number of impor- 
tant determinations, it is necessary to control the concentration of cer- 
tain ions, particularly the hydrogen, hydroxyl and sulfides ion. This is 
accomplished by common-ion effect, and a solution, adjusted in this 
manner, is known as a buff(Ted solution. If a salt of a weakly ionized 
acid or base is added to a solution of the acid or bas(% the concentration 
of the H+ ion or that of the 011“ ion will not only be lowered but will 
remain constant at the predetermined concentration. Tho following 
example will show how a simple bufferc'd solution is prepared. 

Example 5. What will be the hydrogen-ion concentration in a liter 
of 0.1 Af HC 2 H 3 O 2 to which 0.1 of a gram-mole of NaC 2 H 302 has been 
added? 

It will be of interest first to calculate the hydrogen-ion concentration 
in the pure solution of HC2H3O2 before the sodium acetate is added. 
This may be done in two ways: If the degree of ionization of the acid is 
known for the specified molarity, the hydrogen-ion concentration may 
be found by simply multiplying the molarity by the extent of ioniza- 
tion. For a 0.1 Af solution of acetic acid the degree of ionization is 1.34 
per cent. Therefore 

Ch+ = 0.1 M X 0.0134 == 0.00134, or 1.34 X 10“^ gram-ion of H+-ion 
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If on the other hand the degree of ionization is unknown, an approxima- 
tion of the equilibrium formula is employed for the calculation of the 
Ch+ in a weakly ionized acid. 

^11+ X (7anlon 

— = K (Ion) 

^non-louized acid 


X X X _ 

Molarity 

where x is the concentration of AT^-ion as well as anion. As an approxi- 
mation, the concentration of the non-ionized acid may be taken as the 
molarity of the acid. In the case of a 0. 1 M solution of HC2H3O2 

Cu+ X 

Cnc^HjOj 

£1 

0.1 


— KiUm) 

= 1.8 X 10-"* 


X- = 1.8 X 10-6 
X = V 1.8 X 10-« 
= 1.34 X 10-3 


The unbuffered solution of 0.1 M acetic acid thus has a hydrogen-ion 
concentration of 1.34 X IQ-^ or 0.00134 gram-ion. 

If now a soluble acetate, such as NaC2H302, is added, the acetate- 
ion concentration is enormously increased with a corresponding large 
decrease in the hydrogen-ion concentration. Adding 0.1 of a gram-mole 
of NaC2H302 (here assumed completely ionized) will cause a certain 
amount of to react with C2H3O2- to form HC2H3O2, and if we let x 
represent the concentrations of H"*" and C2H302“ which combine to form 
X gram-moles of HC2H3O2 the ionic equilibrium, precisely formulated 
from the equilibrium equation 




- K 


(Ion) 


becomes, for a 0.1 AT solution of HC2H3O2 containing 0.1 of a gram-mole 
ofNaC2H302 


[0.00134 - x] X [(0.00134 + 0.1) - x] ^ 

[(0.1 - 0.00134) + x] 

To solve for x, the amount by which the hydrogen-ion concentration is 
decreased, involves a quadratic equation. To obviate this, an approjd- 
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mation may be employed, based on the following considerations: (1) 
The total acetate concentration is not materially decreased by the small 
value of x; (2) the concentration of the non-ionized acid may be taken 
simply as the molarity of the original solution. We have, letting y equal 
0.00134 — X, i.e., the final resulting hydrogen-ion concentration 


2/ X 0.1 

0.1 


1.8 X 10-6 


2/ = 1.8 X 10-5 
= 0.000018 


The hydrogen-ion concentration has thus been decreased to approxi- 
mately 0.000018 gram-ion, about a hundredfold. 


Example 6. Another example of the same kind may be helpful, in 
illustrating this approximate method of calculation of hydrogen-ion 
concentrations. Suppose that, to 1 liter of a 0.5 M solution of HC2H3O2, 
ionized 0.7 per cent, w'c add 0.3 of a gram-mole of NaC 2 H 302 which in a 
lit(ir of solution is ionized about 78 per cent. What is the new hydrogen- 
ion concentration? The total C 2 H 302 -ion concentration before equi- 
lil)rium is established is equal to the sum of 0.3 X 0.78, or 0.234, and 
0.5 X 0.007, or 0.0035. The latter quantity may be neglected, and we 
may also neglect the amount of acetate wliich unites with hydrogen ions 
to form HC2H3O2. The concentration of non-ionized HC2H3O2 at the 
start is 0.5 X 0.993, or 0.4965 gram-mole, for which we may assume 
0.5 M, Then, letting y equal the resulting H-ion concentration, we have: 


y X 0.234 
0.5 


0.000018 


from which y equals 0.0000389- 
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241. Calculate the solubility product constants for the following relatively 
insoluble precipitates, the molar solubility being given. 


(а) CaCOa 

(б) KaPtCla 

(c) Ag2Cr04 

(d) PbCr 04 

(e) AgBr ' 


Molar Solubility 

1.3 X 10“^ 

2.3 X 10“^ 
7.5 X 10“-® 

1.3 X 10-’ 
6.9 X 10~^ 


Am. 1.7 X lO”-*. 
4.9 X 10“®. 
1.7 X 10-^2. 
1.7 X lO-^l 
3.6 X 10~« 
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242 . Calculate the solubility product constants for the following insoluble com- 
pounds. the solubility in grams per liter being given: 


(a) AgCNS 

(b) Mg(On)2 

(c) MgNH4P04 

(d) l''e(OH)3 

(e) CU2I2 


Solubilities 
1.4 X 10-* 
1.2 X 10*2 
8.6 X 10-» 
4.8 X 10“* 
2.1 X 10-« 


243. For the following weights of .s.ample a.s.sumed to be the pure salt, ciJenlate 
the gr.ams of precipiPiting ion rotjuired to start the precipitation of the correspoinling 
compounds for which the solul)ilit,y product constants are given. In each case the 
total volume of solution is 200 cc. 


(n) 0.2500 NaCl 
(5) 0.7500 Na2S04 

(c) 1.0000 l''e(S(.)4)2(NIl4)2 

SO 4 -01120 

(d) 0.5005 CaCOs 

(e) 0.7500 MgS04 


AVp. Ans. 

AgCl = 1.1 X I0*’“ 5.0 X 10-2. 

BaS04 =1.2X10->'' 0.3 X 10-2. 

Fc(OH )3 = 1.1 X 10-2® 7 5 X ur». 

CaC204 = 3.9 X 10- » 7 X lO*®. 

MgNIl4p04 = 2.5 X IO-'2 2.00 X 10““. 


244. Calculate the gram-inn concentrations of the j)recii)italing ions requinsd to 
establish etiuilibrium and therefore to start precipit^ition of the respective products, 
the concentration of the ions to be precipitated being in each Ciise 0.01 gram-ion. 


(o) Cl- 
(h) Mg ' + 

(c) P04° 

(d) Mn-^-l- 

(e) Pb+-*- 


I'fe.p. 

AgCl = 1.1 X 10-“ 

Mg(OH)2 = 3.5 X Hr” 

MgNH4P04 = 2.5 X 10-“ 

MnS = 1.4 X 10-“ 

PbCr04 = 1.7 X 10-“ 


245 . When the equivalent amount, of prccipit.!i,ting agent has been added cor- 
responding to the balanciid (iquation what ari; the gram-ion concentrations remaining 
in solution for the following ca.ses, the solubilitj jmtduct constants of which are given. 

(o) AgCl, AVp. = 1.1 X 10-“ Am. 1.05 X 10“®. 

(b) AgBr, A'b.p. = 3.5 X 10““ 6.9 X IO- 2. 

(c) Agl, Ke.p. = 1.7 X 10-“ 1.3 X 10-«. 

246. If in the precipitation of Fe(On)3 the addition of NH4OH were halted when 
the equivalent amount of hydroxyl had been added, what weight in grams of 

ion would remain unprecipitated, the final volume of solution being 400 cc.? 
The of Fe(OH)3 is 1.1 X lO-^e. 

V^7. What is the percentage error introduced in the determination of a 
0.2000-gram sample of pure oxalic acid, if the precipitation with a solution of CaCl2 is 
stopped when an equivalent quantity is added? ivs-p. of CaC204 is 3.8 X lO'-^ 
and total volume is 250 cc. Am. 0.7 per cent. 

248 . If, in a series of precipitations of silver, as AgCl, by means of HCl, the 
precipitations are stopped at the equivalent point, and the volumes of solution are 
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respectively 100 cc., 200 cc., 500 cc., 750 cc. and 1000 cc., what amounts of silver 
(gram quantities) remain in solution? The A's-p. of AgCl is approximately 
1.1 X 10“^®. 


249 . If in the precipitation of silver chloride from a 0.2500-gram sample of pure 
NaCl an excess of 10 j^cr cent over the amount deinandwl by the st,oichiomelric 
quantity is added, what are the Ag^ and Cl~ concentrations remaining, assuming a 
liter of final solution? Arcs. CAg+ = 4.3 X 10~1 

Cci' - 2.6X10"1 


250. Calculate the hydrogen-ion concentration of solutioas of the following con- 
centration: (ff) 0.1 M (normal) HCl 02.0 ])er cent ionized, (h) 0.1 M (normal) 
NaOH 00.5 per cent ionized, (c) 150 cc. of 0.1 M lIC2Ha02, 1.34 per cent ionized. 


251. From the data given calculate the equilil^rium ratios (ionization constants) 
for the following w'cakly ionizcul electrolytes: 


(a) 0.01 Af (normal) HC2II3O2, 4.17 per cent ionized 

(h) 0.1 Af (normal) HCN 0.01 p(ir cent ionized 

(c) 0.01 Af (normal) NIT4OU 4.07 per cent ionized 

(d) 0.1 AI (normal) IlCllO 4.5 per cent ionized 


Ans. 

1.82 X 10- ^ 

1 X 10 
1.74 X 10“^ 

2 X 10-4. 


262. From the ionization constants given calculate the hydrogen-ion concentra- 
tion for each of the following solutions: 

(а) 0.01 A4 110211302 A(ion) 1.8 X 10~® 

(б) 0.1 Af NII4OII A(ion) 1.75 X 10-^ 

(c) 0.1 M II2S A'oon) 1.1 X 10-23 

253. Calculate, from ionization data, the hydrogen-ion concentrations of 0.1 Af 
solutions of llCl and llC2ri302. (6) Which has the greater acaciity? (c) Which one, 
if either, wall neutralize the greater volume of 0.1 Al NaOIl? 

Ans. 0.092. 0.00134. 

(b) HCl. 

(c) Both the same. 


264 . What is the concentration of OH" ions in a liter of solution, O.l AI with 
respect to NH4OII and 0.5 ilf with n;spwt to NH4CI? A' (ion) of NH4OH is 1.75 
XlO"^; degree of ionization of NII4CI is 78.2 per cent. 

255. To what extent would you have to dilute a molar solution of HC2H3O2, so 

that the Ch+ had a value of approximately 10“^? How much dilution would be 
required of a molar solution of HCl to reach the same value? (See Ionization Tables 
for data.) Ans. (a) 6.6 X 10“®. 

(h) 1 X 10“^ 

256 . In order to maintain a Cn + of lO”^ by use of HC2H3O2 and NaC2H302, how 
many grams of NaC2H302 must be added to 200 cc. of the solution which is 0.05 Af 
with respect to acetic acid? The ionization constant for acetic acid is 1.8 X lO^®; 
assume the ionization of the added salt to b,e 80 per cent. 

' 267 , If you wished to precipitate a sulfide, MS, whose As. p, is 1 X lO^®® and the 
metal-ion concentration was 1 X 10""®, what sulfide-ion concentration would have 
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to be maintained? Would the sulfide precipitate if the solution contained enough 
HCl to make the total acidity, as indicated by the Cn +, 10”^? 

Ans. (a) 1 X (b) yes. 

268. What will be the hydrogen-ion and sulfide-ion concentrations in a liter of 
solution which contains 25 cc. of HCl (sp. gr. 1.19 anrl 37 per cent pure HCl) and into 
which H 2 S is passed? (Ch+)^ X Cg- = 1-1 X 10“^®. 

259, If we buffer a IT 2 S solution by means of IICI, so that the total hydrogen-ion 

concentration is respectively (a) 10“^, (6) 10“®, (c) 10"^ and (d) 10~^, what is the 
resulting sulfidc-ion concentration. The equilibrium equation is (Oh+)^ X Cg- = 
1.1 X 10“23. Ans. (a) 1.1 X 10'^^. 

(W 1.1 X 10“-’^. 

(c) 1.1 X 

(d) 1.1 X 10-21. 

260. If in a quantitative separation by precipitation of a sulfide by hydrogen 
sulfide it is desired to prevent the ])recix)itation of FeS, what can the maximum con- 
centration of sulfide ion be if the amount of Fe'^"^ corresi)oncls to 0.001 gram-ion per 
liter (/iC8.p. of FeS = 3.7 X 10~i^); (rii+)2 x Cb“ = 1.1 X 10“^®. In order to estab- 
lish this sulfidc-ion concentration what must be the hydrogen-ion concentration? 
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CALCULATIONS BASED ON ANALYTICAL DATA 
CHAPTER IX 

SYSTEMATIC QUANTITATIVE ANALYSIS 

A complete quantitative analysis calls for the determination of each 
constituent prescuit in a given material. If the constituents are to be 
d('termin('d and reported as amounts or percentages of the several ele- 
ments prc'sent in a compound or mixture of compounds, the analysis is 
calkxl an ultimate analysis. The term is sometimes extended to include 
simple groups or radicals such as the sulfate, phosphate, oxalate or 
ammonium ions. On the other hand, the needs of a chemical analysis 
may be served better by what is known as a 'proximate analysis. In a 
proximate analysis, instead of determining elements or simple groups as 
such, the analysis is conducted wdth respect to more complex groups of 
constituents in the sample. The following illustration may make this 
distinction ck^arer. 

In a complete ultimate analysis of such a complex material as coal, 
the total amount of carbon, hydrogen, oxygen, nitrogen, sulfur, phos- 
phorus and even silicon, iron, aluminum, etc., would be required, the 
determination of these elements requiring much skill, time and labor. 

A proximate analysis of coal, how’^ever, by which moisture, volatile 
combustible matter, fixed carbon, coke and ash are determined, furnishes 
much better analytical data in regard to the utilization of this important 
fuel than w^ould an ultimate analysis. 

With either an ultimate or a proximate analysis, if the analysis is 
complete and perfectly executed, the results, expressed as percentages, 
must total 100 per cent; all matter composing the sample is thereby 
accounted for. But it is not always necessary to make complete anal- 
yses; frequently the determination of one or two constituents satisfies 
the purpose for which the analysis is undertaken. Thus, the purity of 
a substance with respect to a particular constituent may be the sole 
objective of the analysis, or, conversely, the amount of a certain impurity 
may be the chief matter of interest in the sample. For example, we 
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may wish to know the purity of common table salt with respect to NaCl. 
To do this we would conduct a gravimetric or volumetric determination 
for chloride, convert this to NaCl on the assumption that all the chloride 
in the sample is combined with sodium and then, from the weight of 
sample, compute the percentage purity in terms of NaCl. 

Of far greater tecluiical importance is the determination of impurities 
and such analyses are conducted in the applied chemical industries on a 
vast scale. In the ferrous metallurgical tidd, for (example, the removal 
of the harmful impurities in steel, chiefly sulfur and phosphorus, is under 
rigid anal}"tical control, whereas the iron which constitutes about 98 per 
cent of the iron-carbon alloy (steel) is omitted from the analysis. 

If such partial analyses, either for the determination of the predom- 
inating constituents or for those present in minor amounts or as impuri- 
ties or traces, are to be made, the methods employed must not be inter- 
fered with by the presence of other constituents in the sample. The 
methods may be voluim^tric, gravimetric or other types of techniques that 
best suit the particular kind of sample. Likewise, in a complete analysis 
for all constituents, the methods s(‘Iected for ilu) determination of the 
several constituents may be based on any one of the various techniques, 
depending upon expediency and the natures and probable amount of each 
constituent. Here an extremely important point cannot be over- 
looked or overemphasized: The constituents to be determined must, in 
general, be quantitatively separated one from another, before the final 
determinations are carricxl out. 

Systematic Quantitative Separations. A quantitative analj^sis, in 
its entirety, really involves two sets of analytical operations, narncty (1) 
separations by which each constituent is, in general, completely isolated 
from all interfering constituents and (2) final determinations, in which, 
by use of suitable reactions and techniques, the percentage of each is 
arrived at. In the field of inorganic analysis for the separation of the 
metals (cations) a systematic scheme of separation has been developed 
applicable to such materials as rocks, ores, ceramic products, alloys, etc. 
In fact, this general procedure is the same familiar cation scheme, with 
certain minor exceptions, used by the student of qualitative analysis, 
but carried out with greater care and quantitative exactness. Attention 
has been called to this general procedure by Lundell and Hoffman, of the 
United States Bureau of Standards in their recent book, OiUlines of 
Methods of Chemical Analysis^ to which the reader is referred for more 
details. Suffice it to say here that the major task of chemical analysis 
is in the separations and not in the final determinations. 

For the purpose of qualitative detection, systematic procedures for 
the separation of tlie anions are being developed, but as yet no attempt 
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has been made to apply these schemes to quantitative separations. 
Consequently, the present methods for the final determination of the 
anions are selected so that no interference will result. 

The data secured as a consequence of making the necessary separa- 
tions and final determinations constitute the basis from which to com- 
pute the percentage composition of the mat(^rial undc^rgoing complete or 
partial analysis. The calculations arc, in general, of the types already 
considered. Certain problems in the following problem set illustrate the 
use of data secured in a systematic series of separations and determina- 
tions. 

Indirect Analysis. It sometimes happens that, with certain mix- 
tures, a compk'te separation is not possible or expedient, and as a result 
two constituents an^ pn'cipitated together or otherwise dc^termined col- 
lectively and not individually. It is usually possible to manage the 
analysis, in such cases, so that one of tlu^ constituents can be indirectly 
determined, or ot her data secured by which the amounts of both can be 
calculated. 

In certain instances, such as the determination of the alkali metals, 
sodium and potassium, the difficulty is overcome in the following way. 
In the systematic removal of all other cations following the procedure of 
the g(nieral scheme of sc^paration the final filtrate will contain these two 
elements. By fuming down with H2SO4 and evaporating the solution 
to dryness, a residue of Na2S04 and K2SO4 remains. This residue is 
weighed. The residue may then be dissolved and the potassium precipi- 
tated as K2Pt(JlG or KCIO4. From this the weight of potassium can be 
found which, when recalculatcnl as K2SO4 and subtract(^d from the total 
weight of residue, gives, by difference, the weight of Na2S04 and hence 
the weight of sodium. 

Example 1 , In analyzing a mixture of iron and aluminum experi- 
mentally the difficulty can be overcome by first precipitating the mixture 
with NILiOII, igniting the mixed Al(OH )3 and Fe(OH )3 to AI2O3 and 
Fe203 and weighing the mixture of oxides. The mixture of oxides may 
then be dissolved or another sample taken and, by a separate (vol- 
umetric) analysis, the amount of iron can be determined. Then, by 
calculating the weight of Fe203 equivalent to the amount of iron found, 
and subtracting this from the total Avcight of mixed oxides, the weight 
of AI2O3 can be found. 

Instead of determining one of the constituents by a separate pro- 
cedure, and calculating the other by difference, as illustrated in the 
foregoing examples, it is possible with certain mixtures which have a 
common constituent to make a separate determination of this common 
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constituent. The calculations are then more complicated. A sample 
calculation is made in the following problem. 

Example 2. A sample of material contained, among other constitu- 
ents, a chloride and a bromide. A weighed portion was dissolv(‘d and 
treated with an excess of AgNOs, precipitating a mixture of AgCl and 
AgBr weighing 0.8413 gram. By a separate analysis of this mixture 
the total amount of silver w^as found to be 0.5G78 gram. What are the 
w^eights of chlorine and bromine in the sample? 

We know the total weight of the mixture of AgCl and AgBr and the 
total weight of silver which is partly combined with the chlorine and 
partly with the bromine. In order to find the amounts of chlorine and 
bromine, W'e must first calculate the separate weights of AgCl and of 
AgBr. Letting x stand for the weight of AgCl and y for the w^eight of 
AgBr, we have the equation : 

^ + 2/ = 0.8413 gram (1) 


The weight of silver combined as AgCl is found from the relation : 
Ag : AgCl = weight of Ag in AgCl : x 


or 


Ag 


AgCl 


~x = weight of Ag in AgCl 


and the weight of silver combined as AgBr is: 


or 


Ag : AgBr == weight of Ag in AgBr : y 


Ag 

AgBr 


y = weight of Ag in AgBr. 


The total weight of silver, which has been found by experiment to bo 
0.5678 gram, is therefore related to the weights of AgCl and AgBr by the 
equation: 


Ag 

AgCl 


X + 


Ag 

AgBr 


y = 0.5678 gram 


( 2 ) 


Inserting the 
becomes: 


proper atomic and molecular weights, equation (2) 


107.88 . 107.88 

X H V 

143.34 ^ 187.80 ^ 


0.5678 


Using the above ratios as chemical factors of Ag in AgCl and of Ag in 
AgBr we have the two equations : 

0.7526X + 0.57442/ == 0.5678 
x+ 2/ = 0.8413 
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Solving these simultaneous equations, by the elimination of y we have: 
0.7526a: + 0.5744y = 0.5678 
0.5744a: + 0.5744?/ = 0.4832 
0.1782X = 0.0846 

X = 0.4747 

Therefore x, the weight of AgCl, is equal to 0.4747 gram. The value for 
y may now be found from equation (1) : 

X + y = 0.8413 

y = 0.8413 - 0.4747 
y = 0.3666 

Therefore y, the weight of AgBr, is equal to 0.3666 gram. Finally the 
Cl 

amount of chlorine is ■ ■ ; ■ X 0.4747 = 0.1174 gram, and the amount of 
Br 

bromine is X 0.3666 = 0.1560 gram. 

AgBr 

In general, data which involve a common constituent such as a 
mixture of silver salts, mixed sulfates of the alkalies or alkaline earths, 
mixed carbonates, etc., must be resolved into two equations, one of 
which usually embodies the chemical factors, and these equations must 
t h(m be solved simultaneously. 

Recalculation of Percentages to a Changed Basis. It sometimes 
becomes necessary to convert the results of an analysis to a basis other 
than that upon which the analyses were mad(^ This is particularly true 
where the moisture contc^nt of the material has an important bearing on 
the composition as a whole. Samples of material contain more or less 
moisture particularly if the samples w^ere obtained from raw materials 
which are hydroscopic or have been exposed to moist surroundings. 
Ores, limestones, cements, clays, coals and similar substances are of this 
character. Such samples are sometimes air dried or, more frequently, 
the analysis is made on moisture-free portions, and a moisture deter- 
mination is made at the same time. 

Analyses are corrected to a moisture-free basis if the determinations 
have been made on undried samples; if, on the other hand, the analysis 
was conducted on dried samples, the percentages may be recalculated 
from the moisture-free basis to an ‘‘as-received^^ basis. It is important 
to understand the method of calculation in either case. 

Example 3, Suppose samples of coal were found to contain 10 per 
cent of moisture and 40 per cent of volatile combustible matter, the 
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latter determination being made (a) on an undried sample, (b) on a dried 
sample. What is the percentage of the latter constituent in either case? 

In the first case, since the dry material compriscxl 90 per cent of the 
as-received sample and 40 per cent of this is volatile combustible con- 
tent, then its percentage on a dry basis is of 40 per cent, or 44.4 
per cent. 

In the second case, a sample of coal which originally contained 
10 per cent moisture, and gave, on analysis of the moisture-free sample, 
a volatile combustible content of 40 per cent, would contain on the 
as-received basis 40 per cent of 90 per cent, or 36 per cent. 

PROBLEM SET 14 

Systematic Analysis; Indirect Analysis; Calculation of 
Percentage to Changed Basis 

261. If a chemist analyzes a mixture of equal parts by weight of pure CaCOa 
and MgCOs, what percentages of CaO, MgO and CO 2 will he find? 

A fm. 28.02 f)cr cent of CaO. 

23.91 per cent of MgO. 

48.07 i)er cent of CO 2 . 

262. What is the percentage of CaO, MgO and CO 2 in a sample made up by 
mixing equal gram-molecular parts of pure CaCOs and MgCOs? 

263. A 0.3000-grara sample of braas, containing tin, lead, copper and zinc was 

subjected to a complete systematic analysis. After proper treatment in the jiro- 
cedure there were obtained: 0.0085 gram of 8 n 02 ; 0.0034 gram of PbS 04 ; after 
dilution of the filtrate from the lead determination to 250 cc., the electrolysis of a 
50-cc. portion of this diluted solution gave 0.0452 gram of Cu; and 0.03416 gram of 
Zn 2 p 207 from the 50-cc. portion. Calculate the {percentages of Sn, Pb, Cu and Zn 
in the samjile. Am. 2.22 pier cent Sn. 

0.78 per cent Pb. 

75.28 per cent Cu. 

24.42 per cent Zn. 

264. A partial analysis of a sample of limestone gave the data, when reported as 
oxides, as shown below. Recalculate the composition of the sample in tenns of the 
metallic elements present. 


Reported 

Percentage 

SiOz 

18.00 

AI 2 O 3 

5.70 

1^C203 

1.50 

CaO 

37.65 

MgO 

2.00 


266. If a l-gram sample of pure H 2 C 2 O 4 is placed in an organic combustion fumaee 
and burned in a stream of oxygen, according to the reaction 

2H2C2O4 + 02 = 2H2O + 4CO2 
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what weight of H2O and CO2 should be collected in the absorption units? 

Am. 0.2002 gram of H2O. 

0.9776 gram of CO2. 

266 . In an organic combustion analysis, oxygen was passed over an organic com- 
pound containing C, H, O. The sami)le weighed 0.S652 gram. The gain in weight 
of the CaOl2 tube was 0.0869 gram and that of the KOII tube 0.7943 gram. Calcu- 
late the percentages of C, H and O in the sample. 

267 . In the systematic analysis of limestone, the iron and aluminum were pre- 

cipitated as hydroxidfis, converted to a mixture of Fti203 and AI2OS and weighed. 
The weight of mixed oxide was 0.2934 gram from a 1.5-gram sample. A sej^arate 
dichromate titration for iron gave 5.62 i)er cent in the limestone. Calculate the 
percentage of aluminum. Am. 6.10 per cent. 

268 . A sample of limestone was shown to contain 40.00 per cent of CaO. The 
CO2 in tlie sample evolved from lx)th MgCOa and CaCOa was 38.50 per cent. What 
was the percentage of MgCOs in the sample? 

269 . An 0.8000-gram samfde of feldspar produced after removal of other con- 
stituents a residue consisting of a mixture of K28O4 and Na2S04 weighing 0.2476 
gram. After dissolving this residue and converting the K2S()4 into K2PtCl6 a 0.2954 
gram precipitate of the latter compound was ohtaintHl. Calculate the percentages 
of K2O and Na20 corresponding to the K and Na present in the rock. 

A ns. 7.12 per cent K2O. 

7.72 per cent Na20. 

270 . A mixture of AgCl and AgBr weighing 1 gram was treated with chlorine in 
order to convert the AgBr into AgCl. After such treatment the mixture weighed 
0.9500 gram. Calculate the percentages of Cl and Br in the original mixture. 

271 . A l-gram sample of feldspar rock yielded a mixture of KCl and NaCl 
weighing 0.2178 gram. This mixture of chlorides was dissolved, treated with an 
excess of AgNOs and the AgCl obtained was filtered and weighed. It weighed 
0.4775 gram. Calculate the percentages of K and Na in the sample. 

Ans. 4.38 per cent Na. 

5.68 per cent K. 

272 . A mixture of AgCl and AgBr was found to weigh 1.0000 gram. The silver 
in this mixture weighed 0.7500 gram. What are the weights of AgCl and AgBr in 
the mixture? 

273 . In the analysis of a certain material after quantitative separation of other 

constituents, the residue of K2SO4 and Na2804 weighing 0.5231 gram was obtained. 
This was dissolved and treated with an excess of BaCk [giving a precipitfite of BaS04 
which weighed 0.9224 gram. What were the weights of K2SO4 and Na2S04 in the 
residue? 0.2904 gram Na2S04. 

0.3327 gram K2SO4. 

274 . A sample of limestone is shown on analysis to contain 95.00 per cent of a 
mixture of CaCOs and MgCOs. The CO2 in the sample is 46.24 per cent. What 
are the percentages of MgCOa and CaCOa? 
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276. An iron ore, when received, was found to contain 4.72 per cent of moisture 
and 46.50 per cent of iron. Calculate the percentage of iron to the dry basis. 

Ans. 48.81 per cent Fe. 

276 . A 6-gram sample of iron ore was dried at 105° C. and lost 0.2250 grain of 
moisture. A portion of the dried sample was analyzed for iron and found to contain 
52.75 per cent of iron. What was the percentage of iron in the sample as ‘*received^7 

277 . A sample of coal on air drying lost 2.7 per cent in weight. This air-dried 
sample gave the following jesults for the proximate analysis: moisture = 1.10 per 
cent; ash, 5.75 i)er cent; volatile combustible matter, 35.20 per cent; and fixed 
carbon, 57.95 per cwit. Recalculate the analysis to the (a) as-received, (h) dry or 
moisture-free and (c) moisture- and ash-free bases. 


(a) 

Moisture = 3.77 


(e) 

Ash 

= 5.59 

5.81 


V.C.M 

= 34.26 

35.59 

37.79 

F.C. 

= 56.39 

58.59 

62.21 


278 . A cargo of iron ore which at the mine contained 3.0 per cent moisture and 
62.00 fier cent Fe203 on a wet basis was shipped to the blest furnace where analysis 
showed it to contain 6.8 per cent moisture. What ix^rcontages of Fe203 should the 
blast furnace chemist find (a) on the wet basis, (6) on the dry basis? 

279 . A sample of Na2804, weighing 0.6350 gram and containing 2.60 per cent of 

moisture, yielded, on the precipitation of the SO4, 0.7882 gram of Ba804. Calculate 
the percentage of SO3 on the moisture-free basis. Ans. 43.66 per cent. 

280 . A sample of coal showed an air drying loss of 5.60 per cent. In making a 
proximate analysis of portions of the air-dried sample the following values were 
obtained. Moisture (on air-dried sample) 1.75 per cent; volatile combustible 
matter 22.65 per cent; fixed carbon 67.20 f)er cent; ash 8.50 per cent. Calculate 
these values to (a) the as-received basis, and (5) the moisture-free basis. 
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COMPUTATIONS BASED ON PERCENTAGE COMPOSITION: 
CALCULATION OF ATOMIC WEIGHTS AND FORMULAS 

CALCULATION OF ATOMIC WEIGHTS 

The entire structure of chemistry as an exact science rests upon the 
precision with which the atomic weights of the elements are known. 
The analytical procedures by which the atomic W(Ughts are arrived at 
are unquestionably the most precise of all quantitative determinations. 
In general, the method consists in making an exact quantitative deter- 
mination of the constituent in a carefully purified sample of a compound 
containing the ('lenient the atomic weight of which is to be determined. 
Such a quantitative determination may not, howev(;r, give the true 
atomic w^eight but rather a multiple or sub-multiples of it. What is 
really obtained is the combining weight and not necessarily the atomic 
weight. 

The combining weight is the proportion in which one element will 
combine with another; the atomic wenght is the weight of an atom 
relative to that of oxygen taken as 16.0000. To illustrate, if we analyze 
water we find that for every 1.008 grams of hydrogen there are 8.000 
grams of oxygen: the combining weight of oxygen is therefore 8.000. If 
we determine the amount of copper and oxygen in black copper oxide, 
we find that the copper and oxygen are united in the ratio of 31.78 : 8; 
whereas in the red oxide of copper the combining proportions of copper 
to oxygen as determined by experiment are 63.57 : 8. Here we have 
two different combining weights for copper; and, to arrive at the atomic 
wxnght of copper, we must decide which of these combining weights is 
the atomic weight. With the atomic weight of oxygen fixed at 16.0000, 
the atomic weight of copper is either 63.57 or 127.14. 

To decide whether the combining weight of an element Is its atomic 
weight, or what multiple or sub-multiple of the combining weight to use, 
involves consideration of other criteria and the application of certain 
rules and laws. Among these are: (1) The Law of DuLong and Petit, 
which states that the specific heat of a solid element multiplied by its 
atomic weight is, in most cases, a constant having the value 6.4. (2) 

Avogadro^s Hypothesis, that equal volumes of gases (under the same con- 
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ditions of pressure and teinporature) contain the same number of mole- 
cules. (3) The Periodic Law, in which the element is placed in its 
proper family relationship. (4) Most of the elements, in the gaseous 
state, are diatomic. (5) The least common rnultipki of several combin- 
ing weights for the same element will, in many cases, indicate the atomic 
weight. 

Applying the last rule to the case of copp(T previously referred to, 
where the combining weights are 63.57 and 127.14 respectively, this 
would indicate the atomic weight of copp(‘r to hi) 63.57. This can be 
checked by the rule of specific heats, for, if we multiply the specific hc'at 
of copper, 0.095, by the atomic weight, m) get approximately 6, in suflS- 
cient agreement with the constant 6.4 to show that the selected combin- 
ing weight is the true atomic wenght. 

During the first half of he nineteenth century, after Dalton\s Atomic 
Theory had bo^en advanced and the combining weights of elements had 
been worked out with fair accuracy, especially by Berzelius, chemists 
were not in agreenu^nt as to the true atomic weights. It was not until 
about 1860, when Avogadro^s Hypothesis and the valence theory were 
accepted, that common agreement was reached regarding the atomic 
weights. Since that time, except for newly discovered elements, atomic 
weight determinations have consisted in elaboration of the care and 
precautions in carrying out the analytical procedures, and the modern 
work aimually reported on by the International Committee on Atomic 
Weights consists chiefly in refinement of technique and revision of the 
previously reported values. 

Example 1. Suppose the atomic weight of sodium is desired. 
Experimentally, a sample of pure NaCl can be converted to AgCl and 
thus carefully weighed. If the atomic weights of Cl = 35.457 and 
Ag = 107.880 are assumed, the atomic weight of Na can be readily cal- 
culated from the analytical data. 

If 1.0000 gram of pure NaCl yielded 2.4527 grams of AgCl, what is 
the atomic weight of sodiilm? By direct proportion: 

Weight of NaCl : Weight of AgCl = Mol. wt. of NaCl : Mol. wt. of AgCl 

Letting x equal the atomic weight of Na, we have 

1.0000 : 2.4527 = (a; + 35.457) : 143.337 


from which 


X = 22.983 
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DERIVATION OF FORMULAS 

An important application of quantitative analysis is the use of the 
data in determining the empirical formulas of pure compounds and 
minerals. The analysis of a pure chemical compound will show the 
weight of each element in the weight of sample taken and, by simple 
calculation, the percentage of each clement as well. If the actual weight 
or the percentage of each element is divided by the atomic weight of that 
element, the quotient will bo the number of gram-atoms of each element 
present. These gram-atomic weights bear a simple relation to one 
another such that there will be a common divisor and, if each gram- 
atomic weight is divided by this common divisor, the ratio of the number 
of atoms present can be found. 

Example 2. Suppose that a 1.0000-gram sample of a pure salt is 
analyzed and found to be composed of 0.3934 gram of sodium and 0.6065 
gram of chlorine. Dividing 0.3934 by the atomic weight of sodium, 
22.997, gives 0.01711 gram-atom of sodium; and 0.6065 divided by 
35.457 gives 0.01711 gram-atom of chlorine. There are just as many 
gram-atoms of sodium as there are of chlorine and, consequently, just 
as many atoms of the one element as of the other. The ratio is 1 : 1, 
and the simplest formula is NaCl. 

The percentages obtained from analysis might just as well be used a.s 
the actual weights, the method of calculation being identical in the two 
cases. 

The formula thus obtained is merely the empirical formula, that is, 
the ratio of the elements composing the compound. The actual mol(‘CU- 
lar formula may be a simple multiple of the empirical formula. A molec- 
ular weight determination must be made in ord(T to assign the proper 
formula to the compound. Various physical-chemical methods are 
available for determining molecular weights. 


PROBLEM SET 16 

Calculation of Atomic Weiqhtb and Formulas 

281. If 6.2685 grams of pure silver yielded, when converted to the bromide, 

9.1720 gram of pure AgBr, what is the atomic weight of bromine? Given the atomic 
weight of Ag = 107.880. Ans, 79.93. 

282. A 1.0000-gram sample of carefully purified CuO was placed in a heated tube 
and a stream of hydrogen passed through, by which the oxide was reduced to metallic 
copper. The weight of copi)er remaining after the exi>eriment was 0.7990 gram. 
Calculate the atomic weight of copper. 
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283. A sample of pure BaS 04 was found to contain 58.848 per cent of barium. 
Taking Ba =* 137.36 and O = 16.000, calculate the atomic weight of sulfur. 

Ans. 32.066. 

284. A sample of carefully purified Ag 3 P 04 was found to contain 77.30 per cent 
of silver. If the atomic weight of Ag is 107.880 and that of oxygen is 16.000, what is 
the atomic weight of phosphorus? 

285. In converting 10.6285 grams of AgBr to Agl, there was found to be an 

increase of 2.6785 grams. Calculate the atomic weight of iodine, assuming the atomic 
weights of Ag and Br to be 107.880 and 79.916 respectively. Ans. 126.93. 

286. The atomic weight of manganese was first determined in 1828 by oxidizing 
0.5075 gram of the metal to 0.7225 gram of Mn 203 . What value was obtained? 
More recently, in 1906, the value was redc^termined by converting 6.53738 grams of 
MnBr 2 into 11.43300 grams of AgBr. Wliat was the new value? 

287. A 1.0000-gram sample of a certain metal yielded 1 .7092 grams of the metallic 

chloride. If the metal is monovalent, what is its atomic weight? If it is divalent, 
what is its atomic weight? Cl = 35.46. Ans. 50; 100. 

288. A certain metallic oxide, when converted into the sulfide, showed an increase 
of 0.2106 gram per gram of oxide. If the metal is monovalent, what is its atomic 
weight? O = 16.00; S = 32.00. If the metal is divalent, wliat is its atomic 
weight? 

289. If 22.4 liters of oxygen, under standard conditions of pressure and tempera- 

ture, weigh 32.00 grams and the same volume of hydrogen weighs 2.016 grams, what 
is the atomic weight of hydrogen? Ans. 1.008. 

290. If a liter of hydrogen, under standard conditions of pressure and tempera- 
ture, weighs 0.08960 gram and a gram sample of pure zinc yielded, when treated with 
HCl, 344.0 cc. of hydrogen, what is the atomic weight of zinc? 

291. A 0.5000-gram sample of a cert.ain pure compound yielded 0.3195 gram of 

CI 2 ; a 0.2368-gram portion of the salt on adding (NH 4 ) 2 C 204 and ignition of the 
precipitate gave 0.1196 of CaO. What was the compound? Ans. CaCla- 

292. The complete analysis of a certain pure salt gave the following results 
expressed as percentages: Cl = 47.88 per cent, N = 6.31 per cent, H = 1.82 per 
cent, Pt = 43.94 per cent. What is the empirical formula of the compound? 

293. If, by an organic combustion, the percentage composition becomes estab- 

lished as 62.02 per cent carbon, 10.42 per cent hydrogen, and 27.56 per cent oxygen 
(by difference), what is the ratio carbon : hydrogen : oxygen? What is the empirical 
formula? Ans. CaHeO. 

294. A certain pure salt, which qualitative analysis showed to contain barium 
and chloride, on analysis of a 1.0000-gram sample yielded 1.120 grams of BaS 04 and 
1.377 grams of AgCl. What is the formula of the salt? 

295. A chemist conducting an organic combustion analysis with an organic com- 

pound finds that, with a 1.0000-gram sample, 0.9777 gram of CO 2 and 0.2002 gram 
of water are obtained. Calculate the percentages of C, H and O in the sample and, 
from this, the atomic ratio of these elements. Give the empirical formula of the 
compound. Ans. HCO 2 . 
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296. A certain copper mineral known as enargite was found on analysis to have 
the following composition: copper = 47.84 per cent; arsenic = 19.47 per cent; 
sulfur — 32.69 per cent. What is the formula of the mineral? 

297. Give the empirical formula of the silicate mineral, the analysis of which 

gave the following results: Si02 = 55.12 per cent; K 2 O ~ 21.53 per cent; and 
AI 2 O 3 = 23.35 per cent. Ans. KAlSi 206 . 

298. Given the formula of a pure compound as Zn 2 P 207 . Calculate the per- 
centage composition. 

299. A certain salt mixture, of unknown composition, was treated with water 
with the result that a residue remained. This water-insoluble residue was identified 
as BaS 04 . The filtrate from the water treatment was found to contain Na"^ and 
Cl~. How may the application of quantitative analysis aid in determining whether 
the original mixture was BaCl 2 and Na 2 S 04 , or Ba 804 and NaCl? 

300. A qualitative analysis of a certain sample showed the presence of iron and 
chloride. What would you do quantitatively to ascertain whether the compound 
was FeCl 2 or FeCIa? Supply the necessary data on a l-gram sample. 
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TABLE V* 

Density of Strong Acids at 15° C. in Vacxto 


(According to Lunge, Islet, Naef, and Marchlewsky) 


Specific 
Gravity 
at -js- 
(Vacuo) 


Specific 

Gravity 

at?/; 

(Vacuo) 

Per Cent by Weight 

HCl 

UNO., 

TT2SO4 

HNO3 

H2SO4 


0.16 

0.10 

0.09 

1.235 

37.51 

31 . 70 

1.005 

1.15 

1.00 

0.95 

1.240 

38.27 

32.28 

1.010 

2.14 

1.90 

1.57 

1.245 

39.03 

32.86 

1.015 

3.12 

2.80 

2.30 

1.250 

39.80 

33.43 

1.020 

4.13 

3.70 

3.03 

1.255 

40.56 

34.00 

1.025 

5.15 

4.60 

3.76 

1.260 

41.32 

34.57 


6.15 

5.50 

4.49 

1.265 

42.08 

35.14 


7.15 

6.38 

5.23 

1.270 

42.85 

35.71 


8.16 

7.20 

5.96 

1.275 

43.62 

36.29 


9.16 

8.13 

6.67 

1.280 

44.39 

36.87 


10.17 

8.99 

7.37 

1.285 

45.16 

37.45 

1.055 

11.18 

9.84 

8.07 

1.290 

45.93 

38.03 

l.OGO 

12.19 

10.67 

8.77 

1.295 

46.70 

38.61 

1,065 

13.19 

11.50 

9.47 

1.300 

47.47 

39.19 


14.17 

12.32 

10.19 

1.305 

48.24 

39.77 

1.075 

15.16 

13.14 

10.90 

1.310 

49.05 

40.35 


16.15 

13.94 

11.60 

1.315 

49.88 

40.93 

1.085 

17.13 

14.73 

12.30 

1.320 

50.69 

41.50 

1.090 

18.11 

15.52 

12.99 

1.325 

51.51 

42.08 


19.06 

16.31 

13.67 

1.330 

52.34 

42.66 


20.01 

17.10 

14.35 

1.335 

53.17 

43.20 

1 . 105 

20.97 

17.88 

15.03 

1.310 

54.04 

43.74 

1.110 

21.92 

18.66 

15.71 

1.345 

54.90 

44.28 

1.115 

22.86 

19.44 

16.36 

1.350 

65,76 

44.82 

1.120^ 

23.82 

20.22 

17.01 

1.355 

56.63 

45.35 

1.125 

24.78 

20.99 

17.66 

1.360 

57.54 

45.88 

1.130 

25.75 

21.76 

18.31 

1.365 

58.45 

46.41 

1.135 

26.70 

22.53 

18.96 

1.370 

59.36 

46.94 

1.140 

27.66 

23.30 

19.61 

1.375 

60.27 

47.47 

1.145 

28.61 

24.07 

20.26 

1.380 

61.24 

48.00 

1.150 

29.57 

24.83 

20.91 

1.385 

62.21 

48.53 

1.155 

30.55 

25.59 

21.55 

1.390 

63.20 

49.06 

1.160 

31.52 

26.35 

22.19 

1.395 

64.22 

49.59 

1.165 

32.49 

27.11 

22.83 

1.400 

65.27 

50.11 

1.170 

33.46 

27.87 

23.47 

1.405 

66.37 

50.63 

1.175 

34.42 

28.62 

24.12 

1.410 

67.47 

51.15 


35.39 

29.37 

24.76 

1.415 

68.60 

51.66 

1.185 

36.31 

30.12 

25.40 

1.420 

69.77 

52.15 

1.190 

37.23 

30.87 

26.04 

1.425 

70.95 

52.63 

1.195 

38.16 

31.60 

26.68 

1.430 

72.14 

53.11 

1.200 

39.11 

32.34 

27.32 

1.435 

73.35 

53.59 



33.07 

27:95 

1.440 

74.64 

54.07 

1.210 


33.80 

28.58 

1.445 

75.94 

54.55 

1.215 


34.53 

29.21 

1.450 

77.24 

55.03 

1.220 


35.26 

29.84 

1.455 

78.56 

55.50 

1.225 


36.01 

30.48 

1.460 

79.94 

65.97 

1.230 


36.76 

31.11 

1.465 

81.38 

56.43 
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TABLE V — Continued 


Specific 

Gravity 

1 

at 

(Vacuo) 

Per Cent 

by 

Weight 

UNO, 

Per Cent 
by Weight 
II 2 SO 4 

Specific 

Gravity 

. 15° 
at — 

(Vacuo) 

Per Cent 
by Weight 
II 2 SO 4 

Specific 

Gravity 

, 15" 
at^ 

(Vacuo) 

Per Cent 
by Weight 
H 2 SO 4 

1.470 

82.86 

56.90 

1.610 

69.56 

1.750 

81.56 

1.475 

84.41 

57.37 

1.615 

70.00 

1.755 

82.00 

1.480 

86.01 

57.83 

1.620 

70.42 

1.760 

82.44 

1.485 

87.66 

58.28 

1.625 

70.85 

1.765 

83.01 

1.490 

89.86 

58.74 

1.630 

71.27 

1.770 

83.51 

1.49.5 

91.56 

69.22 

1.635 

71.70 

1.775 

84.02 

1.500 

94.04 

59.70 

1.640 

72.12 

1.780 

84.50 

1.505 

96.34 

60.18 

1.645 

72.55 

1.785 

85.10 

1.510 

98.05 

60.65 

1.650 

72.96 

1.790 

85.70 

1.515 

99.02 

61.12 

1.655 

73.40 

1 . 795 

86.30 

1.520 

99.62 

61.59 

1.660 

73.81 

1 .800 

86.92 

1.525 


62.06 

1.665 

I 74.24 

1 . 805 

87.60 

1.530 


62.53 

1.670 

74.66 

1.810 

88.30 

1.535 


63.00 

1.675 

75.08 

1.815 

89.16 

1.540 


63.43 

1.680 

75.50 

1.820 

90.05 

1.545 


63.85 

1.685 

75.94 

1.825 

91.00 

1.550 


64.26 

1.690 

76.38 

1.830 

92.10 

1.555 


64.67 

1.695 

76.76 

1.835 

93.56 

1.560 


65.20 

1.700 

77.17 

1.840 

95.60 

1.565 


65.65 

1.705 

77.60 

1.8405 

95.95 

1.570 


66.09 

1.710 

78.04 

1.8410 

96.38 

1.575 


66.53 

1,715 

78.48 

1.8415 

97.35 

1.580 


66.95 

1.720 

78.92 

1.8410 

98.20 

1.585 


67.40 

1.725 

79.36 

1.8405 

98.52 

1.590 


67.83 

1.730 

79.80 

1.8400 

98.72 

1.595 


68.26 

1.735 

80.24 

1.8395 

98.77 

1.600 


68.70 

1.740 

80.68 

1.8390 

99.12 

1.605 


69.13 

1.745 

81.12 

1.8385 

99.31 


* Taken from Tread well-H all. Analytical Chemiatry^ Yol. !!• publiahed by John Wiley d; 
Sons. Reprinted with permission. 
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TABLE VI* 

Density and Per Cent of Acetic Acid Solutions, 16® C. 
(Oudcmans) 


15‘’C./4°C. 

Per Cent by 
Weight 

15®a/4°C. 

Per Cent by 
Weight 

0.9992 

0 

1.0615 

50 

1.0022 

2 

1.0631 

52 

1.0054 

4 

1.0646 

64 

1.0083 

6 

1.0660 

56 

1.0113 

8 

1.0673 

58 

1.0142 

10 

1.0685 

60 

1.0171 

12 

1.0697 

62 

1.0200 

14 

1.0707 

64 

1.0228 

16 

1.0717 

66 

1.0256 

18 

1.0726 

68 

1.0284 

20 

1 .0733 

70 

1.0311 

22 

1.0740 

72 

1.0337 

24 

1 .0744 

74 

1 .0363 

26 

1.0747 

76 

1 .0388 

28 

1 .0748 

78 

1.0412 

30 

1.0748 

80 

1.0436 

32 

1.0746 

82 

1.0459 

34 

1.0742 

84 

1.0481 

36 

1 .0736 

86 

1.0502 

38 

1.0726 

88 

1.0523 1 

40 

1.0713 1 

90 

1.0543 

42 

1.0696 i 

92 

1.0562 

44 

1.0674 j 

94 

1.0580 

46 

1.0644 

96 

1.0598 

48 

1.0604 

98 

1.0615 

60 

1.0553 

100 


♦ From Treadwell-Hall, Analytical Chemistry, Vol. II, publiehed by John Wiley A Sona. 
Reprinted with permission. 
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TABLE VII* 

Density of Ammonia Solutions at 15® C. 
(According to Lunge and Wiemik) 


Specific Gravity 

Per Cent NH> 

Specific Gravity 

Per Cent NHs 

1.000 

0.00 

0.940 

15.63 

0.998 

0.45 

0.938 

19.22 

0.996 

0.91 

0.936 

l(i.82 

0.994 

1.37 

0.934 

17.42 

0.992 

1.84 

0.932 

18.03 

0.990 

2.31 

0.930 

18.64 

0.988 

2.80 

0.928 

19.25 

0.986 

3.30 

0.92G 

19.87 

0.984 

3.80 

0.924 

20.49 

0.982 

4.30 

0.922 

21.12 

0.980 

4.80 

0.920 

21.75 

0.978 

5.30 

0.918 

22.39 

0.976 

5.80 

0.916 

23.03 

0.974 

6.30 

0.914 

23.68 

0.972 

6.80 

0.912 

24.33 

0.970 

7.31 

0.910 

24.99 

0.968 

7.82 

0.908 

25.65 

0.966 

8.33 

0.906 

26.31 

0.964 

8.84 

0.904 

26.98 

0.962 

9.35 

0.902 

27.65 

0.960 

9.91 

0.900 

28.33 

0.958 

10.47 

0.898 

29.01 

0.956 

11.03 

0.896 

29.69 

0 954 

11.60 

0.894 

30.37 

0.952 

12,17 

0.892 

31.05 

0.950 

12.74 

0.890 

31.75 

0.948 

13.31 

0.888 

32.50 

0.946 

13.88 

0.886 

33.25 

0.944 

14.46 

0.884 

34.10 

0.942 

15.04 

0.882 

34.95 


* Taken from Tread wcll-Hall, Analytical Chemistry, Vol. II, published by John. Wiley A 
Sons. Reprinted with perniission. 
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TABLE VIII* 

Spbcific Gravity of Potassium and Sodium Hydroxide 
Solutions at 16 ® C. 


Specific 

Gravity 

Per Cent 
KOH 

Per Cent 
NaOH 

Specific 

Gravity 

Per Cent 
KOH 

Per Cent 
NaOH 


0-9 

0,61 

1.252 

27.0 

22.64 

1.014 

1 .7 

1.20 

1.263 

28.2 

23.67 

1 .022 

2.6 

2.00 

1.274 

28.9 

24.81 

1 .02<) 

3.5 

2.71 

1.285 

29.8 

26.80 

1.037 

4.5 

3.35 

1.297 

30.7 

26.83 

1.045 

5.6 

4.00 

1.308 

31.8 

27.80 

1.052 

6.4 

4.64 

1.320 

32.7 

28.83 

1.060 

7.4 

5.29 

1.332 

33.7 

29.93 

1.067 

8.2 

5.87 

1.345 

34.9 

31.22 

1.075 

9.2 

6.65 

1.357 

36.9 

32.47 

1.083 

10.1 

7.31 

1.370 

36.9 

33.69 

1.091 

10.9 

8.00 

1.383 

37.8 

34.96 

1.100 

12.0 

8.68 

1.397 

38.9 

36.25 

1.108 

12.9 

9.42 

1.410 

! 39.9 

37.47 

1.116 

13.8 

10.06 

1.424 

40.9 

38.80 

1.125 

14.8 

10.97 

1.438 

42.1 

39.99 

1.134 

15.7 

11.81 

1.453 

43.4 

41.41 

1.142 

16.5 

12.64 

1.468 

44.6 

42.83 

1.152 

17.6 

13.55 

1.483 

46.8 

44.38 

1.162 

• 18.6 

14.37 

1.498 

47.1 

46.15 

1.171 

19.5 

15.13 

1.614 

48.3 

47.60 

1,180 

20.5 

15.91 

1.630 

49.4 

49.02 

1 . 190 

21.4 

16.77 

1.546 

50.6 


1.200 

22.4 

17.67 

1.663 

51.9 


1.210 

23.3 

18.58 

1.680 

63.2 


1.220 

24.2 

19.58 

1.597 

64.6 


1.231 

26.1 

20.59 

1.615 

65.9 


1.241 

26.1 

21.42 

1.634 

57.5 



* From Tread well-Hall, Analytical Chemistry, Vol. II, published by John WUey A Sons. 
Eoprinted with permission. 
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TABLE IX 
DliNSITY or Watkb 


Temper- 
ature, 
Deg. C. 

Density 

Temper- 
ature, 
Deg. C. 

' 

Density 

Temper- 
ature, 
Deg. C. 

Density 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

0.99987 

993 

997 

999 

1.00000 

0.99999 

997 

993 

988 

981 

0.99973 

963 

952 

940 

927 

0.99913 

897 

880 

862 

843 

C. 99823 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

780 

756 

732 

0.99707 

681 

654 
626 
697 
0.99567 
537 1 

505 
473 
440 
0.99406 
371 
336 
299 
262 
0.99224 
186 
147 

43 

44 

45 

46 

47 

48 

1 49 

50 

51 

52 ' 

53 

54 

65 

60 

65 

70 

75 

80 

85 

90 

95 

107 

066 

0.99025 

0.98982 

940 

896 

852 

0.98807 

762 

715 

669 

621 

0.98573 

324 

059 

0.97781 

489 

0.97183 

0.96865 

534 

192 

21 

802 
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TABLE X 

Percentage Ionization op Common Acids, Bases and Salts in 
0.1 M Solution at 18® C. 


Acid 

Ionization Reaction 

Per Cent 
Ionized 

Hydrochloric 

HCl H+ + Cr 

92.0 

Nitric 

HN03;=±H+ +NO 3 - 

92.0 

Nitrous 

IIN 02 ;:iH+ + N 0 s- 

8.0 

Formic 

HCHO*;:^H+ +CHO 2 - 

4.5 

Acetic 

IIC 2 H 3 O 2 H+ + C 2 II 3 O 2 - 

1.34 

Hydrocyanic 

HCN H+ + CN- 

0.01 

Sulfuric 

H2S04?^II+ +HS04“ 

90.0 


IISO 4 - H+ + 804 -“ 

60.0 

Oxalic 

H 2 C 2 O 4 11+ + HC 2 O 4 - 

40.0 


IIC 2 O 4 - H+ + € 204 = 

1.0 

Carbonic 

H2C03?^H+ + HCOs- 

0.12 


HCX)3-;=iH+ +C03“ 

0.0017 

Hydrosulfuric 

H2S^H+ +IIS- 

[ 0.05 


HS-^::;H+ + S“ 

0.0001 

Phosphoric 

H3P04;=iH++H2P04- 

27.0 


H 2 PO 4 - H+ + HPO 4 - 

0.1 


HP04“;=iH+ + PO 4 ® 

0.0001 

Water 

HOH H+ + OH- 

0.0000002 

Base 



Sodium hydroxide 

NaOH Na+ + 011“ 

90.5 

Ammonium hydroxide — 

NH 4 OH NH 4 + + OH- 

1.31 

Calcium hydroxide 

Ca(On )2 Ca++ + 20H- 

75.0 

Salt 

Examples 


Uni-univalent 

KCl, NaNOs, NH 4 CI, NaC 2 H 302 

80.-85. 

Uni-bivalent 

CaCl 2 , K 2 S 04 » etc. 

70.-75. 

Bi-bivalent 

MgS 04 , CUSO 4 , etc. 

35.-45. 
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TABLE XI 
Ionization Constants 


Electrolyte Primary Secondary Tertiary 


HCl * * 

HNO3 * 

HNO2 4.5 X 10-^ 

HCHO2 2 X 10-< 

IIC2II3O2 1.8X10-S 

HCN 2.1X10-® 


H2SO4 * 3 X 10-® 

H2C2O4 3.8X10-® 5X10-^ 

H2C4H4O8 1.1X10-’ 6.9X10-® 

H2SO3 1.7X10-® 5 X 10-® 

H2CO3 3 X 10-® 7 X I0-“ 

H2St 9X10-® 1.2X10-*® 


H3ASO4 4.5 X 10~® 4 X 10'® 6 X 10-*“ 

H3PO4 7.5 X 10-“ 6.3 X 10-® 3.6 X lO"*® 

H3ASO3 2.1X10-® 

H3BO3 1.1X10-“ 


HOHt 2X10-*® 


NaOH * 

NH4OH 1 .75 X 10-® 

Ca(OH)2 3 X 10-“ 


• Ionization too great to yield an ionization constant. 

t = 1.1 X 10 -““; (Ch+)“ + Cb- = 1.1 X 10-“®. 

Ch2S 

JCh+XCou- =1.2X10-*®. 













TABLE XII. — Solubility of Bases and Salts in Water at 18® C. 
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TABLE XIII 

Solubility Product Constants 


Compound 

Solubility 

Product 

Constant 

Compound 

Solubility 

Product 

Constant 

AgCl 

1.1 X 10-1® 

HgaBra 

1.3 X 10-21 

AgBr 

3.5 X 10-15 

HgaTa 

1.1 X 10-28 

AgT 

1.7 X 10“i« 

HgS 

4.0 X 10-85 

AgCNS 

7.1 X 10-15 

MgCOa 

2.6 X 10-8 

Ag 2 Cr 04 

1.7 X 10-12 

MgNH^POi 

2.5 X 10-1* 

AgaSO^ 

7.0 X 10-15 

Mg(OH)2 

3.5 X 10-11 

Ag3p04 

1.6 X 10-18 

Mn(OH )2 

4.0 X 10-18 

BaCOj 

1.8 X 10“» 

MnS 

1.4 X 10-18 

BaCrOi 

2.3 X 10-10 

NiS 

1.4 X 10-28 

BaS 04 

1.2 X 10-10 

PbCla 

2.4 X 10-8 

CaCOa 

1.7 X 10“8 

PbBra 

7.4 X 10-8 

CaC 204 

3.9 X 10-0 

Pbl2 

1.3 X 10-8 

CaCr 04 

2.3 X 10-2 

PbCOa 

1.7 X 10-11 

CaS 04 

2.2 X 10--* 

PbCr04 

1.7 X 10-18 

CdS 

3.6 X 10-20 

PbS 

4.2 X 10-28 

CoS 

3.0 X 10-28 

PbS04 

2.3 X 10“8 

CusTa 

2.6 X 10-12 

SrCOs 

4.6 X 10-8 

CuS 

8.5 X 10-88 

SrC204 

1.4 X 10-2 

Fe(OH)2 

1.6 X 10-18 

SrS 04 

3.6 X 10-2 

Fe(OH)8 

1.1 X 10-58 

Zn(OH )2 

1.0 X 10-18 

FeS 

1.5 X 10-1® 

ZnS 

1.2 X 10-2* 

HgjCl, 

2.0 X 10-18 
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TABLE XIV 
Potential Sbrieb 


Electrode Reaction 
K:^K+ 

Ba ;=i Ba++ 

Sr ^ Sr++ 

Ca Ca++ 

Na ^ Na+ 

Mg ;=± Mg++ 

A1 A1+++ 

Mn Mn++ 

Zn ^ Zn++ 
Cr^Cr+++ 

s-;=;s 

Fe?:iFe++ 

Cd Cd++ 
Co?=iCo++ 

Ni ^ Ni++ 

Sn Sn++ 

Pb ;=± Pb++ 

Fe ^ Fe+++ 
H4;=i2H+ 

Cu+ Cu++ 

Sn++ 

HjO + Sb 
HjO + Bi 
2H2O "h As 
Cu 

40H- O2 + 2H2O 

Fe(CN)* ;:±Fe(CN),“ 

Cu;=±Cu+ 

MnOa + 40H- :;=i MnOr + 2H2O 
21- Is 

HAbOs + 2H2O H3A8O4 + 2H+ 
Fe“^ 

2Hg;:iHg2++ 

Ag;;:^ Ag+ 
Hg;;iHg++ 
Hg2++;=i2Hg++ 

NO + 2H2O ;=i NOj- + 4H+ 
2Br~ Br2 
Au"^ 

2Cr+-^++3H20 ^Cr207 + 14H+ 
2Cr?:±Cl 
Au?=iAu+++ 

Mn++ + 4H2O MnOr + 8H+ 


Molal Potential 
in Volts at 25® C. 

+le -2.922 
+2e -2.90 

+2e -2.89 

+2e -2.87 

He -2.712 
+2c -2.34 

+3c (-1.67) 

+2e (-1.05) 

4-2e -0.7620 

-hSe -0.71 

+2e —0.508 (basic); 0.141 (acid) 

4-2c -0.440 

+2c -0.4020 

+2c (-0.277) 

+26 (-0.250) 
f26 -0.136 

+26 -0.126 
+36 -0.036 

+26 0.00 
+l6 +0.167 

+26 +0.15 

+36 (+0.212) 

+36 (+0.32) 

(+0.2475) 

+26 +0.3448 

+46 +0.401 

+l6 +0.36 

+l6 +0.522 

+36 +0.58 

+26 +0.5346 

+26 +0.659 

+16 +0.771 

+26 +0.7986 

+l6 +0.7995 

+26 +0.854 

+26 +0.910 

+36 +0.96 

+26 +1.0652 
+26+ca. 1.29 
+66 +1.36 

+2e +1.3683 

+36 +1.42 

+6e +1.62 


^=±SbO++2H+ 

BiO+ + 2H+ 

HAs02 (aq.) + 3H+ +36 



Range In pH 
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Indicator Chart 
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Rn222.0 Ra226.97 Th232.12 
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APPENDIX 


TABLE XVII 

Normal Solutions of Acids and Babes 


Reagent 

Molecular 

Weight 

Normal Soln. 
Contains 
gm/liter 

Millicquiv- 
alent gm/cc 

CH 3 COOH 

(50.03 

60.03 

0.06003 

H 3 BO 3 

61.84 

61.84 

0.06184 

HBr 

80.92 

80.92 

0.08092 

HCl 

36.46 

36.46 

0.03646 

H 2 C 2 O 4 

90.036 

45.018 

0.05303 

H 3 PO 4 

98.04 

49.02 

0.04902 

H 2 SO 4 

98.08 

49.04 

0.04904 

NH 4 OH 

35.05 

35.05 

0.03505 

Ba( 0 H) 28 H 20 

315.50 

157.75 

0. 15775 

Ca(OH) 2 . 

74.09 

37.05 

0.03705 

KOH 

56.1 

56.1 

0.0561 

K 2 CO 3 

138.20 

69.10 

0.06910 

Na2C03 

106.00 

53.00 

0.05300 

NaOH 

40.00 

40.00 

0.04000 

Na2B407 

201.43 

1 100.72 

0.10072 

Na2B407 - * - ^ 



1 

10 H 2 O 

381.43 

190.72 

0.19072 


From liradstreet’s The Standardization of Volumetric Solutions, The Chetuical Publuhins 
Company of New York, Inc. Reprinted by permission. 


TABLE XVIII 

Normal Solutions of Prbcititating Agents 


Formula 

Molecular 

Weight 

Normal Soln. 
Contains 
gm/liter 

Milliequiv- 
alent gm/cc 

NH 4 SCN 

76.11 

76.11 

0.07611 

HCl 

36.46 

36.46 

0.03646 

K4Fe(CN)8 

368.26 

368.26 

0.36826 

K4Fe(CN)6*3H20 

422.33 

422.33 

0.42233 

KSCN 

97.17 

97.17 

0.09717 

AgNOa 

169.89 

169.89 

0. 16989 

NaCl 

58.45 

58.45 

0.05845 



From Bradstreet'a The Standardization of Volumetric Solutions, The Chemioal Publishing 
Company of New York, Ino. Reprinted by permission. 
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TABLE XIX 

Normal Solutions of Oxidizing and Reducing Agents 


Reagent 

Molecular 

Weight 

Noraial Soln. 
Contains 
gm /liter 

Millicquiv- 
alent gm/cc 

(NHd^oCoOA-HoO 

142.09 

71.05 

0.07105 

HsAsOs 

125.93 

62.97 

0.06297 


197.82 

49.46 

0.04946 

Br 

79.916 

79.916 

0.07992 

Ca(OCl )2 

126.99 

63.50 

0.06350 

Cl. 

35.457 

35.457 

0.03546 

FcS 04 71120 

278.02 

278.02 

0.27802 

FeS 04 • (N 114)2804 • 6 H 2 O 

392.14 

392.14 

0.39214 

H 2 O 2 

34.02 

17.01 

0.01701 

H 2 Sr 

34.08 

17.04 

0.01704 

I 

126.92 

126.92 i 

0.12692 

H 2 C 2 O 4 

90.036 

45.018 

0.04502 

H 2 C 2 O 4 -21120 

126.05 

63.03 

0-06303 

KBrOa 

167.02 

27.84 

0.02784 

2 ^ 1*2117 • - »r - - 

294.21 

49.04 

0.04904 

KTO 3 

214.03 

35.67 

0.03567 

KMn 04 

158.03 

31.61 

0.03161 

( 1.28203 

158.11 

158.11 

0.15811 

Na 2 S 208 -51120 

248.19 

248.19 

0.24819 

'N'a-2C^204 T - * - 

133.99 

66.995 

0.067 

SnCl 2 

189.61 

94.80 

0.0948 

SnClo -21120 

225.65 

112.83 

0.11283 





From liradstroet’s The Standardization of Volumetric Solutions, The Chemical Publishins 
Company of New York, Inc. Reprinted by permission. 
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TABLE XX 

Chemical Factors 



Factor 

Log 

0.5744 

9.7593 

0.7526 

9.8766 

0.8055 

9.9060 

0.4595 

9.6622 

0.6350 

9.8028 

0.8706 

9.9398 

0.7731 

9.8882 

0.7125 

9.8528 

0.5294 

9.7238 

0.2212 

9.3449 



Aa20s 

As20fi 

Afi2Ss 

AS 2 S 6 

I^g2As207 

(NH4MgAa04)2, 
H 2 O 


A 82 O 6 

AB 2 B 1 

AS 2 S 5 

Mg2 A82O7 

(NH4MgAs04)2, 
H 2 O 


BaCl2*2H20 BaS 04 1.047 



BaCr 04 

Baft 

Ba(NO ,)2 

Ba3(P04)2 

BaS 



0.8458 

9.9272 

1.047 

0.0198 

1.085 

0.0356 

0.6271 

9.7973 

1.120 

0.0491 

0.8599 

9.9345 

0,7258 

9.8608 

0.8970 

9.9528 

0.8024 

9.9044 

0.6874 

9.8372 

0.8129 

9.9101 

0.6006 

9,7786 

0.9341 

9.9704 

0.7410 

1.8698 

0.7403 

1.8694 

0.6040 

9.7810 


Sought 

Found 

Ba 

BaCl2 '2HaO. . . 

BaCOs 

BaCr04 

BaSO* 

BaSiFc 

BaO 

BaCOs 

BaCr 04 

BaS04 

Ca 

CaCla 

CaCOa 

CaFa 

CaO 

CaS04 

CO 2 

CaO 

CaCOa 

CaFi 

Ca(HCOs )2 

Ca(H2P04)2.... 

CaH 2 p 207 

Ca(HS08)2 

Ca3(P04)2 

CaSOa 

CaS04 

CaS 04 - 2 H 20 ... 
CO 2 

Cd 

CdO 

CdS 

CdS04 

Bi20s 

Bi 

BiOCI 

BiP04 

BiaSa 

BiAaOa 

BiONOa 

Bi(N 03 ) 8 * 6 H 20 

Br 

Ag 

AgBr 

AgCl 

HBr 

C 

CO 2 

BaCOa 



B 2 O, 

KBF4 

H|BO| 

Na2B4O7*10H«O 











Ag 0.3287 9.5168 

AgCl 0.2474 9.3934 

AgNOt 0.2088 9.8198 

HCl 0.9724 9.9879 
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TABLE XX — Continued 

Chemical Factors 









BaCr04 
Cr 203 . . 
PbCr 04 


CU 2 O 

CuO 

CU 2 S 

Cu 2 (CNS)a,.. 

CuS04 

CuSOi-SHaO. 


Cu 

CuaO 

CuaS 

Cu2(CNS)j.., 

CUSO 4 

CuSOi-SHaO, 


Found 

Factor 

Log 

I 

0.2794 

9.4462 

KCl 

0.4756 

9.6772 

MnOa 

0.8168 

9.9116 

NaCl 

0.6066 

9.7829 

NH 4 CI 

0.6628 

9.8214 

RbCl 

0.2933 

9.4673 

Co(N 03)2 -CllaO 

0.2026 

9.3066 

KaCo(N 02 )fl. . . 

0.1304 

9.1152 

CoO 

0.7866 

9.8957 

C 03 O 4 

0.7.344 

9.8659 

C 0 SO 4 

0 3804 

9.5802 

CoS04-7H20... 

0.2097 

9.3216 

Co 

1.2713 

9.1043 

Co(N 03 ) 26 Il 20 . 

0.2575 

9.4109 

K3Co(N02)6. . . 

0.1657 

9.2194 

C 0804 

0.9336 

9.9702 

C 0 S 04 

0.4836 

9.6844 

C 0 SO 4 *71120. , . 

0.2667 

9.4259 

BaCr04 

0.20.52 

9.3125 

CraOa 

0.6842 

9.83.52 

CdS 

0.8888 

9,9488 

Cd 

1.142 

0.0578 

CdS04 

0.6159 

9.7895 

PbCr 04 

0.1609 

9.2067 

KaCraOj 

0.3,535 

9.5484 

K2Cr04 

0.1768 

9.2474 

BaCr04 

0.3000 

9.4771 

PbCr 04 

0.2352 

9.3715 

Cr03 

0.7602 

9.8809 



Sought 

Found 

F 

BaSiFc 

CaFa 

CaS04 

HF 

HaSiFc 

KaSiFo 

NaF 

SiF4 

Fc 

FeaOa 

FeCla 

HF 

BaSiFc 

CaFa 

CaS04 

F 

KaSiFfi 

Fe 

FeCIaOHaO 

Fe(H 003)2 

FeO 

Fe804 

FeP 04 

FeS 

PeSOa 

FeS 04 • 7 H 2 O. . . 
FeS04(NH4)2 


0.0994 9.8447 

0.440r) 9.6440 


S04-6H20.... 0.1424 
KzCr^OT 

(titration) .... 1 . 139 

Fe 1.287 

FeCOa 0.6202 

Fe(HC 03)2 0.4039 

FeaOs 0.8998 

FeP04 0.4761 

FeS 0.8172 

FeS04 0.4729 

FcS04‘7H20... 0.2684 
FeS04(NH4)2 
S04-6H20.... 0.1832 



0.9082 
0.6655 

Fe2(S04)s 0.3993 

(NH4)2804‘Fej 
(S04)«-24H20. 0.1656 
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TABLE XX — Continued 

Chemical Factobs 


Sought 

Found 

Factor 

Log 

Sought 

Found 

Factor 

Log 

HBr 



9.8754 

K 2 O 

K 2 SO 4 

0.5405 

9.7328 


llwMIllllllll 

IIkkM 

9.6346 

Kb04 

0.3399 

9.5314 






KoPtClc 

0.1938 

9.2873 

HCl 


0.3380 

9.5290 


Pt 

0.4826 

9 . 6836 












CaCOs 

0.7288 

9.8626 

Kno4 

AgCl 

0.9667 

9.9853 


KCl 

0.4891 

9.6894 


KCl 

1.858 

0.2691 



0 7743 

9 8889 






NaCl 

0.6239 

9.7951 

U 2 SO 4 

KOII 

0.8740 

9.9415 


N.a..O 

1 176 

0.0705 

IV 2 SO 4 

0 . 5628 

9 7503 


NH 4 CI 

0.6817 

9.8335 


Na 2 C 03 

0.9252 

9.9662 


HnCU 

0.5600 

9.7480 



0.7320 

9.8645 


NaoCOs 

0.6881 

9.8377 


(NH 4)2804 

0.7422 

9 . 8705 


Methyl orange 








Na2C204 



Hg 

HgoCIa 

0.8495 

9.9202 


standardization 

0.5442 

9.7358 


HgCl 2 

9.7388 

9.8686 






TltrO 

0 9‘’61 

n OAAA 

ni 

Ag 

1.186 

0.0742 


HgS 

0.8620 

9.9355 


Ai»T 


9 736‘^ 






Agl 

Pd 

2.398 

0.3799 

I 

Ag 

1.177 

9 . 0706 


Pdl 2 

0.7097 

9.8510 


Agl 

0 . 5406 

9.7328 






U'T 



HNOs 

KNOs 


9.7947 


Pd 

2.379 

0.3764 

N.. 

4.498 



PdT 2 

0.7041 

9.8476 


NaNOs 

0.7413 

9.8700 


Na 2 S 203 -51120. 

0.5113 

9.7087 


NHs 

3.701 

0.5683 


AgCl 

0.8855 

9.9472 


NH 4n 

1 178 

0 0711 





(NH4)2PtCl6... 

0.2838 

9.4530 

K 

KCl 

0.5244 

9.7197 


NO 


0.3222 


K)0 

0.83(X) 

9,9191 


N 0 O 2 

0.658 

0.2196 


K 2 SO 4 

0 . 4487 

9.6520 


N 20 i 

1.370 

0.1367 


KCIO 4 

0 . 2822 

9.4505 


N 2 O 6 

1.167 

0.0671 


K 2 PtCl 6 

0 . 1609 

9.2064 


C2oHi6N4nN03 

0.1680 

9.2252 


Pt 

0.4006 

9.6027 



0.6457 

9.8100 







KCl 

A nr 

n AQ 1 1 

0 fiQOA 

H,P04 

IIPOs 

1.225 

0.0881 

Ag 

AgCl 

u . ou 1 1 

0 . 5202 

V . oOUO 

9.7162 

H 4 P 2 O 7 

1.101 

0.0457 


K 2 SO 4 

0 . 8557 

9 . 9323 


Mg2p207 

0.8806 

9.9448 


KCIO 4 

0.5381 

9.7309 


P 

3.159 

0.4995 


K 2 PtCl 6 

0.3067 

9 . 4868 


P 2 O 6 

1.380 

0.1399 


Pt 

0.7640 

9.8831 

H 2 S 

BaS 04 

0.1460 

9.1644 


KCl 

0.6317 

0.8005 


0 2360 

9 3729 



PeS 

0.3877 

9.5885 


MoOa 

0.6667 

0.8239 


S 

1.063 

0.0265 


MoSs 

0.4995 

9.6985 









H 2 SO 4 

Al2(S04)8 

0.8594 

Bumi 


1Vfn<5tj 

PbMo 04 

u . ouyo 

0.2615 

V.177V 

9.4174 


0 5723 

mpvpotI 





BaS 04 

0.4133 


N 

j 

HNOj 

0.2223 

9.3470 


KjA1s(S04)4- 




NO 2 

0.3045 

0.4835 


24H20 

0.3101 

9.4915 


N 2 O 3 

0.3686 

9.5665 


K 2 O 

1.041 

0.0174 


N 2 O 4 

0.3045 

0.4835 






























INDEX 


A 

Accuracy, 4 

Adjustment of solutions, 79 
Alkali calculations, 79 
Antilogarithm, table, 170-171 
Atomic weight, calculation of, 141 
table (back cover) 

B 

Buffer solutions, 127 
C 

Calculation, of atomic weights, 141 
of chemical factors, 108 
of common-ion effect, 127 
of dilution problems, 20 
of factor weights, 120 
of formulas, 143 

of hydrogen-ion concentration, 01 
of hydrolysis, 64 
of indirect analysis, 134 
of normal solutions, 21 
of percent age, 3 

of percentage to changed basis, 137 
of pH values, 61, 65 
of titration curves, 73, 75 
of weight of sample, 37, 118 
Characteristic of logarithms, 9 
Chemical equilibrium, law of, 1 
Combining weights, law of, 1, 107 
Computation rules, 5 

D 

Definite proportions, law of, 1 
Density (see Specific gravity) 

Dilution calculations, 20 

E 

Empirical solutions, 17 
Equations, balancing of, 88 


Equilibria, in gravimetric precipitation. 
124 

in neutralization, 58 
in volumetric precipitation, 46 
ions of water, 59 

Equivalent weights, for neutralization. 
22, 61 

for oxidation and reduction, 90 
for precipitation, 23, 43 
Errors, 3 
Exponent, 6 
use of, 7, 8 

F 

Factor, chemical, 108 
calculation of, 109 
use of, 110 
Factor weights, 120 
Formulas, calculation of, 143 

G 

Gravimetric analysis, 106 
theory of, 107 
Gravimetric factors, 108 
calculation of, 109 
use of, 110 

H 

Halogens, methods involving, 94 
Hydrogen-ion concentration, 61 
determination of, 65 
Hydrolysis, 64 

I 

Indirect analysis, 134 
Interconversion of numbers, 11 
lodate methods, 97 
lodimetric methods, 95 
lodometric methods, 96 
Ionization, table, 153 

L 

Law, of chemical equilibrium, 1, 46, 68, 
124 

of combining weights, 1, 107 
of definite proportions, 1, 107 


173 



INDEX 


174 

Logarithm, defined, 8 
table, 168-169 
use of, 9 • 

M 

Mantissa, of logarithm, 9 
Molal solution, 21 
Molar potentials, table, 157 
Molar solution, 21 

N 

Ncmst equation, 61 
Neutralization analysis, 50 
Normal solut ions, 21 
of acids and bases, 22, 51 
of oxidizing and reducing agents, 90 
of precipitating reagents 23, 43 

O 

Oxidation-reduction processes, 87 
equations, 88 

involving permanganate, 92 
dichromate, 92 
halogens, 94 
normal solutions of, 90 

P 

Percentage calculations, 3, 18, 37, 45, 55, 
111 

Percentage to changed basis, 137 
pH, calculations of, 61, 65 
table, 63 

Potential s^iries table, 157 
Precipitation, normal solutions for, 44 
theory, 43, 45, 107 
under controlled conditions, 137 
Precision, 3 

R 

Reagents, classification for use of, 17 
in gravimetric analysis, 115 
neutralizing, 23, 50 


Reagents, oxidizing, 92 
precipitating, 23, 43, 1 15 
reducing, 92 
types, 16 

S 

Samjde, weight of, 37 
factor- weight, 120 

Significant figures, rules governing use 
of, 5 

Solubility product constants, table of, 
156 

use of, 46, 125 

Solubility product principle, 46 
appli(‘d to gravimetric analysis, 125 
applicil to volunititric analysis, 7 

Specific gravity, 18 
tables, 147-152 

Standardization, 31 
of acids and liases, 53 
of oxidizing reagents, 92 
of precijiitating reagents, 43 
of reducing reagents, 92 
secondary, 35 

Stoichiometric calculations, 2 

Systematic separations, 134 

T 

Titration curves, 73, 75 

Titrc, 24, 33, 116 

V 

Valence, 30, 89 

Volumetric analysis, 27 
neutralization, 50 
oxidation, 87 
precipitation, 43 
reduction, 87 

W 

Weight, of sample, 45, 54, 118 

Weight, factor, 120 






